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U.S.S.N. 09/909,574 
Filed: July 20, 2001 
APPEAL BRIEF 

(1) REAL PARTY IN INTEREST 

The real party in interest of this application is Metabolix, Inc., the assignee. 

(2) RELATED APPEALS AND INTERFERENCES 

There are no related appeals or interferences known to appellants, the undersigned, or 
appellants' assignee which directly affects, which would be directly affected by, or which would 
have a bearing on the Board's decision in this appeal. 

(3) STATUS OF CLAIMS 

Claims 1-4 and 6-10 are pending. Claims 5 and 1 1-23 have been cancelled. Claims 1-4 
and 6-10 are on appeal. The text of each claim on appeal, as pending, is set forth in an Appendix 
to this Appeal Brief. 

(4) STATUS OF AMENDMENTS 

A response after final rejection was filed via facsimile transmission on December 21, 
2005. The claims were not amended in the response after final rejection. In the Advisory Action 
mailed February 17, 2006, the Examiner indicated that the rejections in the Final Office Action 
mailed September 21, 2005 would be maintained. The claims were last amended in the 
Amendment and Response filed July 8, 2005. An appendix sets forth the claims on appeal. 

(5) SUMMARY OF CLAIMED SUBJECT MATTER 

Independent claims 1 and 10 define a method for producing and a system for making, 
respectively, polyhydroxyalkanoates comprising providing organisms selected from the group 
consisting of bacteria, plants, and yeast (see at least page 5, lines 18-21), which express enzymes 
selected from the group consisting of acyl-CoA transferase, acyl-CoA synthetase, p-ketothiolase, 
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acetoacetyl-CoA reductase, and PHA synthase (see at least page 5, lines 1-5), wherein the 
organisms are genetically engineered to express polynucleotides that encode enzymes (see at 
least page 3, lines 15-18), which are active in bacteria or plants, selected from the group 
consisting of diol oxidoreductase and aldehyde dehydrogenase (see at least page 4, lines 2-3, 
page 5, line 18 to page 6, line 28 and Examples 4 and 6), wherein the enzymes expressed by the 
organisms can convert diols into hydroxyalkanoate monomers selected from the group consisting 
of 4-hydroxybutyrate, 2-hydroxybutyrate, 4-hydroxyvalerate, 5-hydroxyvalerate, 6- 
hydroxyhexanoate, 2-hydroxyethanoate, 2-hydroxypropionate, and 3-hydroxyhexanoate (see at 
least page 2, line 22 to page 3, line 6 and claims 1 1 and 21 as originally filed), and culturing the 
organisms under conditions wherein the hydroxyalkanoate monomers are polymerized by the 
activity of a PHA synthase enzyme to form polyhydroxyalkanoates having a weight-average 
molecular weight (Mw) of at least 300,000 Da (see at least claims 1 and 1 1 as originally filed, 
page 4, lines 14-16 and the Examples). 

Dependent claims 2, 3, 4, 6 and 7 define the diol as 1,6-hexanediol, 1,5-pentanediol, 1,4- 
butanediol, 1,2-ethanediol and 1 ,2-propanediol, respectively and the hydroxyalkanoate monomer 
as 6-hydroxyhexanoate, 5-hydroxyvalerate, 4-hydroxybutyrate, 2-hydroxyethanoate and 2- 
hydroxypropionate (see at least page 2, line25 to page 3, line 3). Dependent claim 8 defines the 
method of claim 1 wherein the organism expresses polynucleotides which encode aldehyde 
dehydrogenase and diol oxidoreductase (see at least page 4, lines 2-3). Dependent claim 9 
defines the method of claim 8 wherein the organism is selected from the group consisting of 
Escherichia colt, Ralstonia eutropha, Klebsiella spp.^ Alcaligenes latus, Azotobacter spp., and 
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Comamonas spp. (see at least claim 9 as originally filed, page 1, lines 16-21, page 3, lines 18-22, 
page 5, lines 6-7 and page 6, lines 13-17). 

(6) GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

The issues presented on appeal are: 

(1) whether claims 1-4 and 6-10 are enabled as required by 35 U.S.C. § 1 12, first 
paragraph. 

(2) whether claims 1-4 and 6-10 meet the written description requirement as required by 
35 U.S.C. § 1 12, first paragraph. 

(7) GROUPING OF CLAIMS 

The claims do not stand or fall together. The claims can be grouped as follows: (1) 
claims 1 and 10, (2) claims 2, 3, 6 and 7, (3) claim 4, (4) claim 8 and (5) claim 9. Reasons for 
this grouping and arguments for the separate patentability of these groups of claims are provided 
below. 

(8) ARGUMENT 

(i) The Claimed Methods and System 

The claims of the present application define methods and system for producing 
polyhydroxyalkanoates comprising providing organisms with polynucleotides that encode 
enzymes, which are active in bacteria or plants, selected from diol oxidoreductase and aldehyde 
dehydrogenase, wherein the enzymes expressed by the organisms can convert diols into 
hydroxyalkanoate monomers. 



45064455V 1 



4 



MBX 039 
077832/00074 



U.S.S.N. 09/909,574 
Filed: July 20, 2001 
APPEAL BRIEF 

The specification and the prior art disclose organisms that can be genetically engineered 
to produce PHAs (see at least page 5, lines 18-21), diols that may be utilized to form the claimed 
hydroxyalkanoate monomers (see at least page 9, lines 15-25), and organisms from which diol 
oxidoreductase and aldehyde dehydrogenase genes have been isolated and how to obtain these 
genes and enzymes (see at least page 6, lines 2-28 and Example 1). Methods for cloning genes 
encoding the enzyme are well known in the art and described in the application. For instance, 
Example 1 discusses a standard method for cloning the aldH gene from the E. coli genome using 
PCR. Similar methods can be used to clone aldehyde dehydrogenase and diol oxidoreductase 
genes from other organisms without undue experimentation. There is also sufficient direction 
and guidance given by the specification to construct plasmids and express the claimed genes (see 
Examples). In addition, the Appellants have provided working examples which demonstrate that 
one can use the claimed enzymes to engineer organisms to produce polyhydroxyalkanoates from 
diols, such as 1,4-butanediol (see Examples 3, 4 and 7) and 1,3 -propanediol (see Examples 5 and 
6). 

(ii) Rejections under 35 U.S.C. § 112, first paragraph 
(a) Written Description 

The Examiner alleges claims 1-4 and 6-10 contain subject matter which was not 
described in the specification in such a way as to reasonably convey to one skilled in the art that 
the inventors had possession of the claimed invention for supposedly encompassing 
hydroxyalkanoates produced using any diol oxidoreductase, any aldehyde dehydrogenase, any 
plant and any diol. 
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The Legal Standard 

The general standard for the written description requirement is that "a patent specification 
must describe the claimed invention in sufficient detail that one skilled in the art can reasonably 
conclude that the inventor had possession of the claimed invention." See M.P.E.P. § 2163(1). 
The law has long allowed an appellant to claim all that he is entitled to, not forcing him to limit 
his claims to a specific example, if other means for achieving the same step would be known to 
those skilled in the art and not require undue experimentation. 

"There is a strong presumption that an adequate written description of the claimed 
invention is present in the specification as filed." Wertheim, 541 F.2d at 262, 191 USPQ at 96 
(CCPA 1976). All that is required is that the specification provides sufficient description to 
reasonably convey to those skilled in the art that, as of the filing date sought, the inventor was in 
possession of the claimed invention. Union Oil of California v. Atlantic Richfield Co. , 208 F.3d 
989, 997, 54 U.S.P.Q.2d 1227, 1232 (Fed. Cir. 2000); Vas Cath, 935 F.2d at 1563-64. An 
appellant may show possession of the claimed invention by describing the claimed invention 
with all of its limitations using such descriptive means as words, structures, figures, diagrams, 
and formulas that fully set forth the claimed invention. Lockwood v. American Airlines, Inc., 107 
F.3d 1565, 1572, 41 USPQ2d 1961, 1966 (Fed. Cir. 1997). The written description requirement 
does not require a description of the complete structure of every species within a chemical genus. 
{see Utter v. Hiraga, 845 F.2d 993, 998, 6 U.S.P.Q.2d 1709, 1714 (Fed. Cir. 1988), stating "A 
specification may, within the meaning of 35 U.S.C. § 1 12, para. 1, contain a written description 
of a broadly claimed invention without describing all species that claim encompasses."). 
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An adequate written description of the invention may be shown by any description of 
sufficient, relevant, identifying characteristics so long as a person skilled in the art would 
recognize that the inventor had possession of the claimed invention. Id., citing Purdue Pharma 
LP v. Faulding Inc., 230 F.3d 1320, 1323, 56 USPQ2d 1481, 1483 (Fed. Cir. 2000); Pfaffv, 
Wells Electronics, Inc., 55 U.S. at 66, 1 19 S.Ct. at 31 1, 48 USPQ2d at 1646 (1998). 

The written description is determined from the perspective of what the specification 
conveys to one skilled in the art citing In re GPAC Inc., 57 F.3d 1573, 1579, 35 USPQ2d 1116, 
1121 (Fed. Cir. 1995) and Vas Cath, 935 F.2d at 1563-64. Thus the specification need not 
always spell out every detail; only enough "to convince a person of skill in the art that the 
inventor possessed the invention and to enable such a person to make and use the invention 
without undue experimentation." LizardTech Inc. v. Earth Resource Mapping, Inc., 424 F.3d 
1336, 1344-34, 76 USPQ2d 1724, 1732 (Fed. Cir. 2005). In the patent context, not all functional 
descriptions of genetic material necessarily fail as a matter of law to meet the written description 
requirement; rather, the requirement may be satisfied if, in the knowledge of the art, the 
disclosed function is sufficiently correlated to a particular, known structure. Amgen v. Hoechst 
Marion Roussell 314 F.3d 1313 (Fed.Cir. 2003). 

Analysis 

The written description requirement requires proof only that one of ordinary skill in the 
art could, or did, make and use the invention as described in the application. This is 
uncontroverted; the specification provides not only representative materials from a broad 
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spectrum of enzymes and substrates, but actual working examples. Therefore, appellants have 
complied with the written description requirement for the claimed methods and system. 

The examiner seems to confuse the requirement for claiming organisms such as plants 
and enzymes per se 9 rather than a method of use that utilizes such organisms and enzymes 
having a defined specificity. This is legally incorrect. 

Claims 1 and 10 

Claims 1 and 10 define a method for producing and a system for making, respectively, 
polyhydroxyalkanoates comprising providing organisms selected from the group consisting of 
bacteria, plants, and yeast, which express enzymes selected from the group consisting of acyl- 
CoA transferase, acyl-CoA synthetase, p-ketothiolase, acetoacetyl-CoA reductase, and PHA 
synthase, wherein the organisms are genetically engineered to express polynucleotides that 
encode enzymes, which are active in bacteria or plants, selected from the group consisting of diol 
oxidoreductase and aldehyde dehydrogenase, wherein the enzymes expressed by the organisms 
can convert diols into hydroxyalkanoate monomers selected from the group consisting of 4- 
hydroxybutyrate, 2-hydroxybutyrate, 4-hydroxyvalerate, 5-hydroxyvalerate, 6- 
hydroxyhexanoate, 2-hydroxyethanoate, 2-hydroxypropionate, and 3-hydroxyhexanoate, and 
culturing the organisms under conditions wherein the hydroxyalkanoate monomers are 
polymerized by the activity of a PHA synthase enzyme to form polyhydroxyalkanoates having a 
weight-average molecular weight (Mw) of at least 300,000 Da. 

As will be discussed in more detail below, it is clear that the claims are not drawn to 
genera of enzymes having any structure as alleged by the Examiner. The claimed genes and 
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enzymes were well known to those skilled in the art, commercially available and sufficiently 
identified in the specification as of the date of filing to reasonably convey to one skilled in the art 
that the inventors had possession of the claimed invention. 

The enzymes utilized in the method and system defined by the claims are well-known 
and exist within well-defined classes of proteins. The words "PHA synthase," "aldehyde 
dehydrogenase," "diol oxidoreductase," "acyl-CoA synthetase," "P-ketothiolase," "acetoacetyl- 
CoA reductase" and "acyl-CoA transferase," for example, classify proteins and readily convey 
distinguishing information concerning identity, via structure and function , such that one of 
ordinary skill in the art could easily visualize the identity of the members of each classification. 
In contrast to the term, for example, "cDNA" in which one of ordinary skill in the art would have 
great difficulty in ascertaining an actual sequence, each of the above-identified classes of protein 
readily convey an appropriate level of structure and function, especially in view of the sequences 
already disclosed in the specification and known in the art at the time of filing the present 
application. 

One of ordinary skill in the art will absolutely agree that functional definitions do provide 
structural information commonly possessed by all members of each class. Over 30 years ago, 
Nobel Laureate Christian B. Anfinsen proved that a protein's "knowledge" of how to fold is 
stored in its sequence of amino acids. It is this folding that determines the protein's functionality 
(i.e. substrates recognized, reactions catalyzed, targeted protein binding, etc.). Conversely, a 
particular function can be directly attributed to particular folds determined by specific, or 
conserved, sequences of amino acids. It is well established in the art that structure-function 

45064455vl Q MBX039 

y 077832/00074 



U.S.S.N. 09/909,574 
Filed: July 20, 2001 
APPEAL BRIEF 

relationships do exist, and it is no more prevalent than within families of proteins, such as those 
that drive the specific reactions of claim 1 . The written description requirement can be met by a 
functional description of claimed materials, if coupled with a known or disclosed correlation 
between function and structure. Appellants re-emphasize that a claim is not unpatentable simply 
because the "embodiments of the specification do not contain examples explicitly covering the 
full scope of the claim language." LizardTech Inc., v. Earth Resource Mapping, Inc. 424 F.3d at 
1343; see also Union Oil Co. v. Atlantic Richfield Co., 208 F.3d 989, 997, 54 USPQ2d 1227, 
1232 (Fed. Cir. 2000). 

Medline indicates that for each of these classes of enzymes, the amino acid sequence 
and a cDNA encoding the enzyme are known from multiple sources, but that the degree of 
homology is such that the known and available genes can be used to isolate additional genes 
from other sources encoding the enzymes. It is the amino acid sequence and protein function 
that allows for proper classification (i.e. synthase, dehydrogenase, oxidoreductase, etc.). If 
others (i.e. other proteins) are desirable, one of ordinary skill in the art may isolate the necessary 
genes using any of a number of techniques, including the use of oligonucleotide primers 
designed to be complementary to the known sequence (and/or degenerate primers) in conjunction 
with, for example, polymerase chain reaction (PCR). One of ordinary skill in the art will easily 
recognize that any asserted gaps between the present disclosure and claim breadth can be easily 
bridged; and will understand that any/all PHA biosynthetic enzymes that fall within each of the 
identified classes of enzymes (based upon already known amino acid sequence and function) 
could be used efficiently as reagents for production of glycolic acid-containing PHA polymers. 
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The Examiner is clearly overlooking that the written description is determined from the 
perspective of what the specification conveys to one skilled in the art citing In re GPAC Inc. , 57 
F.3d 1573, 1579, 35 USPQ2d 11 16, 1 121 (Fed. Cir. 1995) and Vas Cath, 935 F.2d at 1563-64. 
The Examiner alleges that the genus comprising aldehyde dehydrogenase and the genus 
comprising diol oxidoreductase comprises species that are structurally unrelated and utilize 
substrates unrelated to the diols recited in the claims. The claims recite that the_enzymes 
expressed by the organisms can convert diols into hydroxyalkanaote monomers. Therefore, the 
claims are limited to those enzymes that can perform the recited function and do not include 
enzymes that cannot use diols as substrates. Furthermore, the Examiner alleges that the claims 
are drawn to a genus of any diols. This is not correct. The claims are directed to a method or 
system where an organism can convert diols into 4-hydroxybutyrate, 2-hydroxybutyrate, 4- 
hydroxyvalerate, 5-hydroxyvalerate, 6-hydroxyhexanoate, 2-hydroxyethanoate, 2- 
hydroxypropionate, or 3 -hydroxy hexanoate monomers. Therefore, the claims are not directed to 
any diols; the claims are directed to diols which lead to the production of specific 
hydroxyalkanoate monomers. 

One of skill in the art would recognize that the appellants were in possession of the 
necessary common attributes or features of the elements possessed by the members of the genus 
of diols, plants, aldehyde dehydrogenase and diol oxidoreductase in view of the species 
disclosed. 
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The specification discloses at least at page 1, lines 21-23, page 2, line 25 to page 3, line 3 
and page 4, numerous species of diols that can be used to produce the specific hydroxyalkanoate 
monomers defined by the claims. 

The publications cited in the specification at least at page 6, lines 3-28, Skraly et al. Appl 
Environ. Microbiol 64:98-105 (1998); Daniel et al. J. Bacteriol 177(8) 2151-2156 (1995); 
Leurs et al. FEMS Microbiol Lett. 154(2): 337-345 (1997); Tong et al. Appl Environ. Microbiol 
57(12):3541-3546 (1991); Yoshida et al. Eur. J. Biochem. 251:549-557 (1998) and op den Camp 
et al. Plant Mol. Biol 35(3): 355-365 (1997) (submitted to the Examiner with the Information 
Disclosure Statement (IDS) filed April 29, 2002 and July 25, 2002 and with the Amendment and 
Response filed February 2, 2005 and enclosed herewith) demonstrate that the genes and enzymes 
can be obtained from a number of organisms and that sequence information for both aldehyde 
dehydrogenase and diol oxidoreductase were well known in the art as of the priority date of this 
application, July 21, 2000. The publications also demonstrate that the enzymes are active in 
bacteria and plants as required by the claims. Furthermore, actual DNA can be obtained from the 
authors of the publications or purchased from commercial suppliers, such as the American Type 
Culture Collection (ATCC). Published amino acid and nucleotide sequence listings for the 
various genes can also be obtained from GenBank or the National Center for Biotechnology 
Information (NCBI). 

In addition to those nucleic acid sequences defined as specific aldHand dhaTgmes in 
the specification, the primer and/or oligonucleotide sequences used to hybridize to, and isolate, 
those sequences can be used to isolate genes encoding aldehyde dehydrogenase and diol 

45064455vl 19 MBX039 

1Z> 077832/00074 



U.S.S.N. 09/909,574 
Filed: July 20, 2001 
APPEAL BRIEF 

oxidoreductase from other organisms. For example, the specification states that the aldH gene 
was cloned by PCR from the E. coli genome on the basis of its homology with other aldehyde 
dehydrogenases using the oligonucleotide primers SEQ ID NO: 3 and SEQ ID NO: 4 (Example 
1 and specifically, page 9, lines 29-30). The same oligonucleotide primers could be used to 
isolate genes encoding aldehyde dehydrogenase from other bacterial strains. The same process 
can also be used to isolate diol oxidoreductases from a number of organisms. The specification 
at least at page 6, lines 3-28 5 discloses that there are a variety of organisms from which the 
aldehyde dehydrogenase and diol oxidoreductase genes can be isolated. The methods in which 
one of ordinary skill in the art would use to isolate the claimed genes lie at the very heart of 
defining the structural nature of each gene. The structures of the claimed genes are clearly 
limited based, in part, on the requirement for them to be complementary to the primers and/or 
oligos disclosed, for example, in Example 1 . 

It was also well known that a number of different organisms have the cellular machinery 
to produce polyhydroxyalkanoates, either endogenously, or through genetic engineering. For 
example, Madison and Huisman Microbiol Mol Biol Rev. 63(1): 21-53 (1999) ("Madison"), 
which is recited in the specification on page 4, lines 1-2 (submitted to the Examiner with the IDS 
filed April 29, 2002 and enclosed herewith in the appendix), discusses the production of 
polyhydroxyalkanoates in bacteria (pages 37-40 and 41-44) and other microorganisms (pages 40- 
41), yeast (page 44), plants (page 45), insect cells (page 45), and animal tissues (page 45). 
Therefore, it is clear that the appellants were in possession of a wide range of species, including 
plant species, that could be used in the claimed methods and system. 
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It is clear from the discussion above that one of skill in the art would recognize that the 
appellants were in possession of the necessary common attributes or features of the elements 
possessed by the members of the genus of diols, plants, aldehyde dehydrogenase and diol 
oxidoreductase in view of the species disclosed. Therefore, claims 1 and 10 meet the written 
description requirement. 

Claims 2, 3, 6 and 7 

Dependent claims 2, 3, 6 and 7 define the specific diols as 1,6-hexanediol, 1,5- 
pentanediol, 1,2-ethanediol and 1,2-propanediol, respectively. Therefore, Appellants must only 
show possession for the genus of plants, aldehyde dehydrogenases and diol oxidoreductases. 
This Appellants have clearly done. Madison, which is recited in the specification on page 4, 
lines 1-2, discusses the production of polyhydroxyalkanoates in plants (page 45). Therefore, it is 
clear that the appellants were in possession of a wide range of plant species that could be used in 
the claimed methods and system. The specification and publications described above 
demonstrate that genes encoding aldehyde dehydrogenase and diol oxidoreductase were known 
and could be obtained from a number of organisms. Therefore, claims 2, 3, 6 and 7 meet the 
written description requirement. 

Claim 4 

Claim 4states that the diol is 1,4-butanediol and the hydroxyalkanoate monomer is 4- 
hydroxybutyrate. The specification discloses at least at page 4, lines 3-5, that in the case of 1,4- 
butanediol, the diol oxidoreductase converts the substrate to 4-hydroxybutyraldehyde, which is 
then converted to 4-hydroxybutyrate by the aldehyde dehydrogenase. As described above, the 
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written description may be met by showing possession, which can be demonstrated by describing 
an actual reduction to practice of the claimed invention. The specification provides actual 
working examples, which show that the Appellants actually reduced the claimed method and 
system to practice. Specifically, at least at Example 3, the specification discloses production of 
poly(4-hydroxybutyrate) from 1 ,4-butanediol in bacteria, which have been genetically 
engineered to express an aldehyde dehydrogenase and a diol oxidoreductase. As discussed 
above, appellants were also in possession of a number of species of plants, aldehyde 
dehydrogenases and diol oxidoreductases. Therefore, Appellants have demonstrated that they 
were in possession of the methods and system defined by claim 4. 
Claim 8 

Claim 8 states that the organism expresses polynucleotides which encode aldehyde 
dehydrogenase mid diol oxidoreductase. The main crux of the Examiner's arguments appears to 
be that the claims encompass diol oxidoreductases and aldehyde dehydrogenases that may not 
work. However, the Examiner has provided no evidence that the methods and system of the 
claims do not work nor does this unsupported argument have anything to do with complying 
with the written description requirement. In contrast, the Appellants have provided ample 
support demonstrating that the claims of the present application meet the written description 
requirement. 

As discussed above, the specification and publications demonstrate that genes encoding 
aldehyde dehydrogenase and diol oxidoreductase were known and could be obtained from a 
number of organisms, as of the priority date of this application, July 21, 2000. In addition the 
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specification discloses that the aldHgme was cloned by PCR from the E. coli genome on the 
basis of its homology with other aldehyde dehydrogenases using the oligonucleotide primers 
SEQ ID NO: 3 and SEQ ID NO: 4 (Example 1 and specifically, page 9, lines 29-30). The same 
oligonucleotide primers could be used to isolate genes encoding aldehyde dehydrogenase from 
other bacterial strains. The same process can also be used to isolate diol oxidoreductases from a 
number of organisms. The specification at least at page 6, lines 3-28, discloses that there are a 
variety of organisms from which the aldehyde dehydrogenase and diol oxidoreductase genes can 
be isolated. The methods in which one of ordinary skill in the art would use to isolate the 
claimed genes lie at the very heart of defining the structural nature of each gene. Therefore, 
these enzymes are defined not only by their function, but also by their structure. Although not 
required by the written description standard, the specification also provides actual working 
examples, which show that the Appellants actually reduced the claimed method and system to 
practice. Specifically, at least at Example 3, the specification discloses production of poly(4- 
hydroxybutyrate) from 1 ,4-butanediol in bacteria. Therefore, Appellants have demonstrated that 
they were in possession of the methods and system defined by claim 8. 
Claim 9 

Claim 9. states that the organism is selected from Escherichia coli, Ralstonia eutropha, 
Klebsiella spp., Alcaligenes latus, Azotobacter spp., and Comamonas spp., which are all bacterial 
species. Since this claim is dependent upon claim 8, each of these bacteria must express an 
aldehyde dehydrogenase and a diol oxidoreductase. As discussed above, Example 3 
demonstrates that Appellants actually reduced the claimed method and system to practice. 
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Specifically, Example 3 describes production of poly(4-hydroxybutyrate) from 1,4-butanediol in 
bacteria, which have been genetically engineered to express an aldehyde dehydrogenase and a 
diol oxidoreductase. The Examiner has not rejected the claims for lack of written description for 
the genus of bacteria. Therefore, claim 9 must only show possession for the genus of aldehyde 
dehydrogenases, diols and diol oxidoreductases. Since the claims are directed to diols which 
lead to the production of specific hydroxyalkanoate monomers, the claims satisfy the written 
description requirement. Furthermore, the specification and publications discussed above 
demonstrate that genes encoding aldehyde dehydrogenase and diol oxidoreductase were known 
and could be obtained from a number of organisms. Therefore, Appellants have demonstrated 
that they were in possession of the methods and system defined by claim 9. 
Summary 

As discussed above, the claims comply with the written description requirement. In a 
recent decision by this Board relating to another application in this general field, U.S.S.N. 
09/364,847, the examiner had made a similar rejection and the Board found that the claims 
complied with the written description requirement, based on the following analysis: 
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We appreciate the examiner's concerns with respect to the claims being directed 
to a genus of enzymes which are described by their function; however, we find that, in 
the case before us, the specification reasonably conveys to one skilled in the art that the 
appellants were in possession of the invention at the time the application was filed. 
Union Oil of California y. Atlantic Richfield Co. . 208 F.3d at 997; Vas-Cath Inc. v. 
Mahurkar . 935 F.2d at 1563-64: In re Gosteli . 872 F.2d at 1012; in re Edwards . 568 
F.2d at 1351-52. Here, it appears that the examiner has studied the appellants' 
disclosure and formulated a conclusion as to what he (the examiner) regards as the 
broadest possible invention, and then determined that the appellants' claims are 
directed to an invention which is broader than that which is described in tne 
specification. This analysis is improper. We remind the examiner that written 
description is determined from the perspective of what the specification conveys to one 
skilled in the art. In re GPAC Inc.. 57 F.3d 1573, 1579, 35 USPQ2d 1 1 16, 1 121 (Fed. 
Cir. 1995); Vas-Cath Inc. v. Mahurkar . 935 F.2d at 1 563-64. Thus, the specification 
need not always spell out every detail; only enough "to convince a person of skill in the 
art that the inventor possessed the invention and to enable such a person to make and 
use the invention without undue experimentation." LizardTech Inc.. v. Earth Resource 
Mapping. Inc.. 424 F.3d 1336, 1344-45, 76 USPQ2d 1724, 1732 (Fed. Cir. 2005). 
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However, a claim is not unpatentable simply because the "embodiments of the 
specification do not contain examples explicitly covering the full scope of the claim 
language." LizardTech Inc. v. Earth Resource Mapping, inc.. 424 F.3d at 1 343; see 
also, Union Oil Co. v. Atlantic Richfield Co.. 208 F.3d 989, 997, 54 USPQ2d 1227, 1232 
(Fed. Cir. 2000). As discussed above, a patent application is written for a person of skill 
in the art. In re GPAC Inc. , 57 F.3d at 1579; Vas-Cath Inc. v. Mahurkar. 935 F.2d at 
1563-64. Since the evidence of record demonstrates that the claimed classes of 
enzymes were well known in the art (pages 8-1 0 of the specification; pages 4-8 of the 
appellants' response (Jan. 2, 2003)), we find that one skilled in the art would readily 
recognize the enzymes involved in the PHA biosynthetic pathway even if they are 
derived from different microorganisms and there are minor differences in the amino acid 
sequences. Accordingly, we find that the appellants were in possession of the claimed 
invention at the time the application was filed. vas-Cath inc . v. Mahurkar . 935 F.2d at 
1563-64. 

This same analysis is equally applicable here. Since the enzymes were known, their 
substrate specificity known, the nucleotide sequences encoding the enzymes known and 
production of PHAs in genetically engineered bacteria and plants well established, and 
appellants established through representative working examples that they had possession of the 
claimed invention, the claims must comply with the written description requirement. 
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(b) Enablement 

The Examiner alleges claims 1-4 and 6-10 are not enabled for methods of producing 
polyhydroxyalkanoates from hydroxyalkanoates using any diol oxidoreductases and any 
aldehyde dehydrogenases by converting any diols to hydroxyalkanoates in any plants. 

The Legal Standard 

The Court of Appeals for the Federal Circuit (CAFC) has described the legal standard for 
enablement under § 1 12, first paragraph, as whether one skilled in the art could make and use the 
claimed invention from the disclosures in the patent coupled with information known in the art 
without undue experimentation. See, e.g., Amgen v. Hoechst Marion Roussell 314 F.3d 1313 
(Fed. Cir. 2003) and Genentech, Inc. v. Novo Nor disk AJS, 108 F3d at 165, 42 USPQ2d at 1004 
(quoting In re Wright, 999 F.2d 1557, 1561, 27 USPQ2d 1510, 1513 (Fed. Cir. 1993). See also 
In re Fisher, 427 F.2d at 839, 166 USPQ at 24; United States v. Telectronics, Inc., 857 F.2d 778 
(Fed. Cir. 1988); and In re Stephens, 529 F.2d 1343 (CCPA 1976). The fact that 
experimentation may be complex does not necessarily make it undue, if the art typically engages 
in such experimentation. MJ.T. v. A.B. Fortia , 774 F.2d 1104 (Fed. Cir. 1985). The adequacy of 
a specification's description is not necessarily defeated by the need for some experimentation to 
determine the properties of a claimed product. See Enzo Biochem, Inc. v. Gen-Probe Inc., 323 
F3d 956, 965-966 63 USPQ2d 1609, 1614 (Fed. Cir. 2002). In addition, a patent need not teach, 
and preferably omits, what is well known in the art. See Hybritech Inc. v. Monoclonal 
Antibodies, Inc., 802 F.2d 1367, 1384, 231 USPQ 81, 94 (Fed. Cir. 1986), citing Lindemann 
Maschinenfabrik GMBH v. American Hoist & Derrick Co., 730 F.2d 1452, 1463, 221 U.S.P.Q. 
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481, 489 (Fed. Cir. 1984). Thus, information that is conventional or well-known to one of 
ordinary skill in the art need not be disclosed by the specification. 

Whether the disclosure is enabling is a legal conclusion based upon several underlying 
factual inquiries. See In re Wands, 858 F.2d 731, 735, 736-737, 8 USPQ2d 1400, 1402, 1404 
(Fed. Cir. 1988). As set forth in Wands, the factors to be considered in determining whether a 
claimed invention is enabled throughout its scope without undue experimentation include the 
quantity of experimentation necessary, the amount of direction or guidance presented, the 
presence or absence of working examples, the nature of the invention, the state of the prior art, 
the relative skill of those in the art, the predictability or unpredictability of the art, and the 
breadth of the claims. In cases that involve unpredictable factors, "the scope of the enablement 
obviously varies inversely with the degree of unpredictability of the factors involved." In re 
Fisher, All F.2d 833, 839, 166 USPQ 18, 24 (CCPA 1970). The fact that some experimentation 
is necessary does not preclude enablement; what is required is that the amount of 
experimentation "must not be unduly extensive." In re Atlas Powder Co., v. E.I DuPont De 
Nemours & Co,, 750 F.2d 1569, 1576, 224 USPQ 409, 413 (Fed Cir. 1984). 

As noted in Ex parte Jackson, the test is not merely quantitative, since a considerable 
amount of experiment is permissible, if it is merely routine, or if the specification in question 
provides a reasonable amount of guidance with respect to the direction in which the 
experimentation should proceed to enable the determination of how to practice a desired 
embodiment of the invention claimed. Ex parte Jackson, 217 USPQ 804, 807 (PTO Bd. App. 
1982). There is no requirement for examples. In re Borkowski, All F.2d 904, 57 C.C.P.A. 946 
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(C.C.P.A. 1970). Further, patent appellants are not required to disclose every species 
encompassed by their claims, even in an unpredictable art. In re Vaeck, 947 F.2d 488, (Fed. Cir. 
1991). As set forth in Johns Hopkins Univ. v. CellPro Inc., 152 F.3d 1342, 1361, 47 USPQ2d 
1705, 1714 (Fed. Cir. 1998), "the enablement requirement is met if the description enables any 
mode of making and using the invention." 
Analysis 

A proper analysis of the Wands factors shows that the claims satisfy the enablement 
requirement. The courts have indicated that some experimentation is permitted as long as such 
experimentation is not undue. As stated in MIT v. A.B. Fortia, " The fact that experimentation 
may be complex does not make it undue if the art typically engages in such experimentation". 

It clear from the amount of direction or guidance presented in the specification, the 
presence of working examples, the state of the prior art, and the relative skill in the art that one 
of ordinary skill in the art would be able to make and use the claimed genetically engineered 
organisms for the production of polyhydroxyalkanoates without undue experimentation. 

Claims 1 and 10 

Claims 1 and 10 define a method for producing and a system for making, respectively, 
polyhydroxyalkanoates comprising providing organisms selected from the group consisting of 
bacteria, plants, and yeast, which express enzymes selected from the group consisting of acyl- 
CoA transferase, acyl-CoA synthetase, P-ketothiolase, acetoacetyl-CoA reductase, and PHA 
synthase, wherein the organisms are genetically engineered to express polynucleotides that 
encode enzymes, which are active in bacteria or plants, selected from the group consisting of diol 
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oxidoreductase and aldehyde dehydrogenase, wherein the enzymes expressed by the organisms 
can convert diols into hydroxyalkanoate monomers selected from the group consisting of 4- 
hydroxybutyrate, 2-hydroxybutyrate, 4-hydroxyvalerate, 5-hydroxyvalerate, 6- 
hydroxyhexanoate, 2-hydroxyethanoate, 2-hydroxypropionate, and 3-hydroxyhexanoate, and 
culturing the organisms under conditions wherein the hydroxyalkanoate monomers are 
polymerized by the activity of a PHA synthase enzyme to form polyhydroxyalkanoates having a 
weight-average molecular weight (Mw) of at least 300,000 Da. 

As discussed above, the Examiner alleges that the claims encompass any diol 
oxidoreductases, any aldehyde dehydrogenase and any diols. This is clearly incorrect. The 
claims are clearly limited to those enzymes that can convert diols into hydroxyalkanoate 
monomers and do not include enzymes that cannot use diols as substrates. One of ordinary skill 
in the art would not select an enzyme that cannot use diols as substrates in the methods defined 
by the claims. Furthermore, the claims are directed to diols which lead to the production of the 
specific hydroxyalkanoate monomers 4-hydroxybutyrate, 2-hydroxybutyrate, 4-hydroxyvalerate, 
5-hydroxyvalerate, 6-hydroxyhexanoate, 2-hydroxyethanoate, 2-hydroxypropionate, or 3- 
hydroxyhexanoate. 

The specification and the prior art disclose organisms that can be genetically engineered 
to produce PHAs (page 5, lines 18-21). Specifically, the specification discloses that the same 
genes that are described in the specification and the examples may be introduced into eukaryotic 
cells such as plant cells. The specification discloses at least at page 5, lines 23-26 that genes and 
techniques for developing recombinant PHA producers, such as plants, are generally known to 
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those of skill in the art, and cite Madison and WO 99/14313 to Metabolix, Inc. For example, 
Madison, a copy of which is enclosed in the Appendix, discusses the production of 
polyhydroxyalkanoates in plants at least at page 45 and demonstrates that one of skill in the art 
was capable of making and using genetically engineered plants for production of PHAs at the 
time this application was filed. The specification also discloses at the bottom of page 5 that 
because all the genes necessary to implement the production of PHAs from feedstock such as 
diols have been cloned and are available in genetically manipulatable form, any combination of 
plasmid-borne and integrated genes may be used in the production of PHAs in organisms such as 
plants. Examples of such plasmids and methods for making them are described in the 
specification at least in the Examples. 

Diols that may be utilized to form the claimed hydroxyhexanoate monomers are disclosed 
in the specification at least at page 9, lines 15-25. Furthermore, the specification provides 
guidance for using the diols at least at page 4, lines 26-29, "the diol can be fed to the cells wither 
during growth or after a separate growth phase, either alone or in combination with at least one 
other feedstock." The examples also provides guidance for using diols. 

The specification also discloses organisms from which diol oxidoreductase and aldehyde 
dehydrogenase genes have been isolated and how to obtain these genes and enzymes (page 6, 
lines 2-28; Example 1). In addition, the assignee has two issued patents, U.S. Patent No. 
6,329,183 and U.S. Patent No. 6,576,450, with claims directed to the production of PHAs by 
providing diols to genetically engineered organisms (although the patents do not disclose the 
claimed subject matter). These patents were brought to the attention of the Examiner in the 

45064455vl 24 MBX039 

077832/00074 



U.S.S.N. 09/909,574 
Filed: July 20, 2001 
APPEAL BRIEF 

Amendment and Response filed February 2, 2005 copies of which are enclosed in the Appendix. 
Once a gene is identified, it is routine in the art to incorporate the gene into a plasmid for 
expression in cells. There is sufficient direction and guidance given by the specification to 
construct plasmids and express the claimed genes (see Examples). In addition, the experimental 
protocols are routine in the art and expression vectors, restriction enzymes and ligation enzymes 
are also commercially available. 

Although there is no requirement for examples, Appellants have provided numerous 
working examples which not only demonstrate that one can use the claimed enzymes to engineer 
organisms to produce polyhydroxyalkanoates from diols, such as 1 ,4-butanediol (Examples 3, 4 
and 7) and 1,3-propanediol (Examples 5 and 6), but that one can isolate the desired enzymes with 
only routine experimentation. For instance, Example 1 discusses a standard method for cloning 
the aldHgem from the E. coli genome using PCR, and Heim and Strehler. Gene 99(1): 15-23 
(1991) (the abstract of which was provided to the Examiner in the Amendment and Response 
filed February 2, 2005, a copy of which is enclosed in the Appendix) demonstrates the cloning of 
an E. coli gene encoding an ALDH, remarkably similar to mammalian aldehyde dehydrogenases, 
in 1991 ! Similar methods can be used to clone diol oxidoreductase genes and would have been 
routine to one of skill in the art as of the July 21, 2000 priority date of this application. 

Furthermore, the enzymes may be selected based on their substrate specificity. As 
discussed at page 6, lines 24-28, of the specification, "The choice of an appropriate aldehyde 
dehydrogenase for use in metabolic engineering should be done after evaluation of the substrate 
specificity of several candidates. Enzyme assays such as that described in Baldom & Aguilar 
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(1987, J. Biol. Chem. 262:13991-6 (cited in the Amendment and Response filed February 2, 
2005 and enclosed herewith in the Appendix)) are useful for such diagnoses." The substrate, in 
the presence of its cognate active enzyme, will be readily converted into product. Based upon 
the specification, the cited reference, and the Examples one of ordinary skill in the art will 
appreciate that assays for enzyme specificity and the presence, or production, of end-product (i.e. 
polyhydroxyalkanoate) is easily measured and characterized. 

There is no legal requirement that all of the enzymes within the scope of the claims 
convert the diols to their corresponding hydroxyalkanoate monomers for the enzymes to have the 
specified utility. As noted above, the claims are enabled if the description enables any mode of 
making and using the invention. This the specification clearly does, which is acknowledged by 
the Examiner on page 1 0 of the Office Action. In Atlas Powder Co. v. E.I. du Pont de Nemours 
& Co. (1984), the Federal Circuit noted that "Even if some of the claimed combinations were 
inoperative, the claims are not necessarily invalid ... [I]f the number of inoperative combinations 
becomes significant, and in effect forces one of ordinary skill in the art to experiment unduly in 
order to practice the claimed invention, the claims might indeed be invalid." Atlas Powder Co. v. 
E. I. Du Pont de Nemours & Co., 750 F.2d 1569 (Fed. Cir.1984). However, this is clearly not the 
case in the present application. It would only take routine experimentation, such as the screening 
methods described on page 7, line 24 to page 8, line 26, to identify other aldehyde 
dehydrogenases and diol oxidoreductases, for example, from the organisms recited on page 6, 
lines 3-28, that can convert the diols to their corresponding hydroxyalkanoates. Based on 
teachings in the specification and the state of the art, one of ordinary skill in the art would be 
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able to select an appropriate aldehyde dehydrogenase or diol oxidoreductase for use in the 
claimed methods and system. 

Even if the examiner has provided a rational basis for making a prima facie case that the 
claims are not enabled (which is believed not to be the case since all the examiner has provided 
is argumentation, not support for the rejection), it is clear from the discussion above that 
Appellants have provided sufficient evidence in to rebut the rejections. The Examiner has not 
provided Appellants with any evidence to contradict Appellants' evidence supporting 
enablement of the claims. This is legal error. Once the appellants' have rebutted the rejection 
with evidence, the examiner must provide a basis, not argumentation, for why the rejection has 
been maintained. The examiner has failed to do so. 

It clear from the amount of direction or guidance presented in the specification, the 
presence of working examples, the state of the prior art, the relative skill in the art, and the 
breadth of the claims that one of ordinary skill in the art would be able to make and use the 
claimed genetically engineered organisms for the production of polyhydroxyalkanoates without 
undue experimentation. Therefore, claims 1 and 10 are enabled. 

Claims 2, 3. 6 and 7 

Dependent claims 2, 3, 6 and 7 define the specific diols as 1 ,6-hexanediol, 1,5- 
pentanediol, 1,2-ethanediol and 1,2-propanediol, respectively. Therefore, Appellants must only 
show enablement for the use of plants, aldehyde dehydrogenases and diol oxidoreductases. This 
Appellants have clearly done. Madison, which is recited in the specification on page 4, lines 1-2, 
discusses the production of polyhydroxyalkanoates in plants (page 45). Therefore, it is clear that 
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one of skill in the art could make and use plant species in the claimed methods and system for 
production of polyhydroxyalkanoates. As discussed above, based on teachings in the 
specification and the state of the art, one of ordinary skill in the art would be able to select an 
appropriate aldehyde dehydrogenase or diol oxidoreductase for use in the claimed methods and 
system. Therefore, claims 2, 3 5 6 and 7are enabled. 
Claim 4 

Claim 4 states that the diol is 1 ,4-butanediol and the hydroxyalkanoate monomer is 4- 
hydroxybutyrate. Therefore, Appellants must only show enablement for the use of plants, 
aldehyde dehydrogenases and diol oxidoreductases. As discussed above, it is clear that one of 
skill in the art could make and use plant species in the claimed methods and system for 
production of polyhydroxyalkanoates. One of ordinary skill in the art would also be able to 
select an appropriate aldehyde dehydrogenase or diol oxidoreductase for use in the claimed 
methods and system. In addition, the specification provides specific guidance at least at page 4, 
lines 3-5, that in the case of 1,4-butanediol, the diol oxidoreductase converts the substrate to 4- 
hydroxybutyraldehyde, which is then converted to 4-hydroxybutyrate by the aldehyde 
dehydrogenase. At least at Example 3, the specification provides an actual working example of 
production of poly(4-hydroxybutyrate) from 1,4-butanediol in bacteria, which have been 
genetically engineered to express an aldehyde dehydrogenase and a diol oxidoreductase. 
Therefore, claim 4 is enabled. 
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Claim 8 

Claim 8 states that the organism expresses polynucleotides which encode aldehyde 
dehydrogenase and diol oxidoreductase. As discussed above, the specification and publications 
demonstrate that genes encoding aldehyde dehydrogenase and diol oxidoreductase were known 
and could be obtained from a number of organisms, as of the priority date of this application, 
July 21, 2000. In addition the specification discloses that the aW//gene was cloned by PCR 
from the E. coli genome on the basis of its homology with other aldehyde dehydrogenases 
using the oligonucleotide primers SEQ ID NO: 3 and SEQ ID NO: 4 (Example 1 and 
specifically, page 9, lines 29-30). The same oligonucleotide primers could be used to isolate 
genes encoding aldehyde dehydrogenase from other bacterial strains. The same process can also 
be used to isolate diol oxidoreductases from a number of organisms. The specification at least at 
page 6, lines 3-28, discloses that there are a variety of organisms from which the aldehyde 
dehydrogenase and diol oxidoreductase genes can be isolated. In addition, at least at Example 3, 
the specification provides an actual working example of production of poly(4-hydroxybutyrate) 
from 1,4-butanediol in bacteria, which have been genetically engineered to express an aldehyde 
dehydrogenase and a diol oxidoreductase. Therefore, claim 8 is enabled. 

Claim 9 

Claim 9 states that the organism is selected from Escherichia coli, Ralstonia eutropha, 
Klebsiella spp., Alcaligenes latus, Azotobacter spp., and Comamonas spp., which are all bacterial 
species. The Examiner states at page 7 of the Office Action mailed September 21 , 2005 that the 
claims are enabled for the genus of bacteria. Therefore, Appellants must only demonstrate 
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enablement for diols, aldehyde dehydrogenases and diol oxidoreductases. The Examiner also 
states that the claims are enabled for aldH from E. coli and dhaT from K. pneumoniae. As 
discussed above, one of skill in the art could readily identify other aldehyde dehydrogenases and 
diol oxidoreductases for use in the methods and system as defined by the claims. Finally, the 
claims are directed to diols which lead to the production of specific hydroxyalkanoate monomers 
and are not directed to any diols as alleged by the Examiner. As also discussed above, the 
enablement requirement is met if the description enables an^ mode of making and using the 
invention. Example 3 demonstrates that Appellants made and used the claimed method and 
system. Specifically, Example 3 describes production of poly(4-hydroxybutyrate) from 1,4- 
butanediol in bacteria, which have been genetically engineered to express an aldehyde 
dehydrogenase and a diol oxidoreductase. Therefore, claim 9 is enabled. 
(9) SUMMARY AND CONCLUSION 

1 . The written description requirement requires proof only that one of ordinary skill in the 
art would believe the appellants had possession of the claimed invention at the time of filing of 
the application. This is uncontroverted. The specification provides not only representative 
materials from a broad spectrum of enzymes and substrates, but actual working examples. One 
of skill in the art would recognize that the appellants were in possession of the necessary 
common attributes or features of the elements possessed by the members of the genus of diols, 
plants, aldehyde dehydrogenase and diol oxidoreductase in view of the species disclosed. 
Therefore, appellants have complied with the written description requirement for the claimed 
methods and system. 
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2. The legal requirement is not to prove enablement for each and every species that may fall 
within the scope of the claim. Even if the examiner has provided a rational basis for making a 
prima facie case that the claims are not enabled (which is believed not to be the case since all the 
examiner has provided is argumentation, not support for the rejection), Appellants have provided 
sufficient evidence in to overcome all of the Examiner's concerns. It clear from the amount of 
direction or guidance presented iii the specification, the presence of working examples, the state 
of the prior art, the relative skill in the art, and the breadth of the claims that one of ordinary skill 
in the art would be able to make and use the claimed genetically engineered organisms for the 
production of polyhydroxyalkanoates without undue experimentation. Therefore, claims 1-4 and 
6-10 are enabled. 

For the foregoing reasons, Appellants submit that claims 1-4 and 6-10 are patentable. 




Date: February 21, 2006 

PABST PATENT GROUP LLP 

400 Colony Square, Suite 1200 

1201 Peachtree Street 

Atlanta, Georgia 30361 

(404)879-2151 

(404) 879-2160 (Facsimile) 



45064455V 1 



31 



MBX 039 
077832/00074 



U.S.S.N. 09/909,574 
Filed: July 20, 2001 
APPEAL BRIEF 

Claims Appendix: Claims On Appeal 

1 . A method for producing polyhydroxyalkanoates comprising providing organisms 
selected from the group consisting of bacteria, plants, and yeast, which express enzymes selected 
from the group consisting of acyl-CoA transferase, acyl-CoA synthetase, P-ketothiolase, 
acetoacetyl-CoA reductase, and PHA synthase, wherein the organisms are genetically engineered 
to express polynucleotides that encode enzymes, which are active in bacteria or plants, selected 
from the group consisting of diol oxidoreductase and aldehyde dehydrogenase, wherein the 
enzymes expressed by the organisms can convert diols into hydroxyalkanoate monomers 
selected from the group consisting of 4-hydroxybutyrate, 2-hydroxybutyrate, 4-hydroxyvalerate, 
5-hydroxyvalerate, 6-hydroxyhexanoate, 2-hydroxyethanoate, 2-hydroxypropionate, and 3- 
hydroxyhexanoate, and culturing the organisms under conditions wherein the hydroxyalkanoate 
monomers are polymerized by the activity of a PHA synthase enzyme to form 
polyhydroxyalkanoates having a weight-average molecular weight (Mw) of at least 300,000 Da. 

2. The method of claim 1 wherein the diol is 1,6-hexanediol and the 
hydroxyalkanoate monomer is 6-hydroxyhexanoate. 

3. The method of claim 1 wherein the diol is 1,5-pentanediol and the 
hydroxyalkanoate monomer is 5-hydroxyvalerate. 

4. The method of claim 1 wherein the diol is 1 ,4-butanediol and the 
hydroxyalkanoate monomer is 4-hydroxybutyrate. 

6. The method of claim 1 wherein the diol is 1,2-ethanediol and the 
hydroxyalkanoate monomer is 2-hydroxyethanoate. 
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7. The method of claim 1 wherein the diol is 1,2-propanediol and the 
hydroxyalkanoate monomer is 2-hydroxypropionate. 

8. The method of claim 1 wherein the organism expresses polynucleotides which 
encode aldehyde dehydrogenase and diol oxidoreductase. 

9. The method of claim 8 wherein the organism is selected from the group consisting 
of Escherichia coli, Ralstonia eutropha, Klebsiella spp., Alcaligenes latus, Azotobacter spp. 5 and 
Comamonas spp. 

10. A system for making polyhydroxyalkanoates comprising organisms selected from 
the group consisting of bacteria, plants, and yeast , which express enzymes selected from the 
group consisting of acyl-CoA transferase, acyl-CoA synthetase, p-ketothiolase, acetoacetyl-CoA 
reductase, and PHA synthase, wherein the organism is genetically engineered to express 
polynucleotides that encode enzymes, which are active in bacteria or plants, selected from the 
group consisting of diol oxidoreductase and aldehyde dehydrogenase, wherein the enzymes 
expressed by the organisms can convert diols into hydroxyalkanoate monomers selected from the 
group consisting of 4-hydroxybutyrate, 2-hydroxybutyrate, 4-hydroxyvalerate, 5- 
hydroxyvalerate, 6-hydroxyhexanoate, 2-hydroxyethanoate, 2-hydroxypropionate, and 3- 
hydroxyhexanoate, wherein the monomers are polymerized by the activity of a PHA synthase 
enzyme to form polyhydroxyalkanoates having a weight-average molecular weight (Mw) of at 
least 300,000 Da. 
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Related Proceedings Appendix 
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Construction and Characterization of a 1,3-Propanediol Operon 
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The genes for the production of 1,3-propanedioI (1,3-PD) in Klebsiella pneumoniae, dhaB, which encodes 
glycerol dehydratase, and dhaT, which encodes 1,3-PD oxidoreductase, are naturally under the control of two 
different promoters and are transcribed in different directions. These genes were reconfigured into an operon 
containing dhaB followed by dhaT under the control of a single promoter. The operon contains unique 
restriction sites to facilitate replacement of the promoter and other modifications. In a fed-batch cofermen- 
tation of glycerol and glucose, Escherichia coli containing the operon consumed 9 J g of glycerol per liter and 
produced 63 g of 1,3-PD per liter. The fermentation had two distinct phases. In the first phase, significant cell 
growth occurred and the products were mainly 1,3-PD and acetate. In the second phase, very little growth 
occurred and the main products were 1,3-PD and pyruvate. The first enzyme in the 1,3-PD pathway, glycerol 
dehydratase, requires coenzyme B l2 , which must be provided in E. coli fermentations. However, the amount of 
coenzyme B i2 needed was quite small, with 10 nM sufficient for good 1,3-PD production in batch cofermen- *>' 
tations. 1,3-PD is a useful intermediate in the production of polyesters. The 1,3-PD operon was designed so that 
it can be readily modified for expression in other prokaryotic hosts; therefore, it is useful for metabolic 
engineering of 1,3-PD pathways from glycerol and other substrates such as glucose. 



1,3-Propanediol (1,3-PD) is a three-carbon diol that is cur- 
rently manufactured by synthetic processes beginning with pe- 
troleum derivatives such as acrolein or ethylene oxide (35). An 
emerging large-volume application of 1,3-PD is as a monomer 
in the synthesis of polyesters for use in carpet and textile fibers 
(17, 22, 25, 33). Therefore, there is much interest in developing 
improved routes to 1,3-PD production. One potential method 
is via the fermentation of glycerol or, ultimately, of sugars (24). 

Klebsiella pneumoniae is one of several organisms that nat- 
urally ferment glycerol to 1,3-PD. The conversion is carried out 
in two enzymatic steps. The first enzyme, glycerol dehydratase 
(EC 4.2.1.30), which requires adenosylcobalamin (coenzyme 
B 12 ), removes a water molecule from glycerol to form 3-hy- 
droxypropionaldehyde (3-HPA). The second enzyme, 1,3-PD 
oxidoreductase (EC 1.1.1.202), transfers a reducing equivalent 
from NADH to 3-HPA, yielding 1,3-PD. The genes encoding 
glycerol dehydratase and 1,3-PD oxidoreductase are desig- 
nated dhaB and dhaT, respectively. 

The 1,3-PD pathway was expressed in Escherichia coli in our 
laboratory (41) by using genes from K pneumoniae and in the 
laboratory of Daniel and Gottschalk (10) by using genes from 
Citrobacter freundiL The main purpose of these endeavors was 
the characterization of the genes and enzymes responsible for 
the conversion of glycerol to 1,3-PD. In both cases, the con- 
figuration of the 1,3-PD genes and regulatory elements was the 
same as in the donor organism. 

To enhance the utility of the 1,3-PD genes, we investigated 
their rearrangement into a form that would be adaptable to 
expression in various hosts under any desired regulation. We 
sequenced a fragment of i£ pneumoniae DNA containing the 
dhaB and dhaT genes and found that these genes are tran- 
scribed in opposite directions. We therefore rearranged the 
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dhaB and dhaT genes into an operon free of the K pneumoniae 
regulatory elements. In this report, we describe the construc- 
tion of the 1,3-PD operon and its performance in E. coli co- 
fermentations of glycerol and glucose. 

This novel genetic configuration provides the basis for an 
improved microbial 1,3-PD process. Several research groups 
have achieved 1,3-PD concentrations of 60 to 70 g/liter in the 
fermentation of glycerol, using organisms that can naturally 
convert glycerol to 1,3-PD (13, 18, 29, 30). Without directed 
improvement of the host, however, this level of performance is 
probably a plateau and cannot compete with newly improved 
synthetic processes. In 1995, Shell Chemical Company an- 
nounced an improvement to the ethylene oxide hydrocarbon- 
ylation process that permits 1,3-PD to be produced at a cost 
low enough for its use in polypropylene terephthalate carpet 
fibers (32). Metabolic engineering provides a means to im- 
prove the fermentation process. DuPont, for example, recently 
patented a process to convert sugars to 1,3-PD with various 
organisms expressing glycerol dehydratase and 1,3-PD oxido- 
reductase from K. pneumoniae (24). The operon we describe in 
this report is designed so that any promoter and other desired 
genetic elements can be readily introduced to enable expres- 
sion of the 1,3-PD genes in various prokaryotes. As such, it 
should prove useful in the metabolic engineering of 1,3-PD 
processes. 



MATERIALS AND METHODS 

DNA sequencing. Sequencing of the K pneumoniae DNA was performed by 
the dideoxy chain termination method (31) with a Sequenase 2.0 kit (United 
States Biochemicals, Cleveland, Ohio) at Lofstrand Labs Limited (Gaithersburg, 
Md.). Two large pieces of DNA to be sequenced, ApahSacl and Nhel-Apal 
fragments, were separately cloned into the vector pSL301 (Invitrogen, San 
Diego, Calif.). This vector contains a multiple cloning site flanked by T7 and T3 
promoter sequences; therefore, T3 and T7 primers were used to initiate double- 
stranded sequencing. Primer walking with synthetic 18-mer oligonucleotide 
primers was used to determine the remainder of the double-stranded sequence, 
with a new primer synthesized for about every 250 nucleotides sequenced. 

The high GC content of the sequenced DNA resulted in numerous compres- 
sions, which were resolved by the inclusion of 25 or 40% formamidc in the 
sequencing gel or the substitution of 7-deaza-dGTP for dGTP. Artifact banding 
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(or shadow bands in all four lanes) was eliminated when it occurred by the 
addition of terminal deoxynucleotidyl transferase. 

Sequence analysts. The Genetics Computer Group (Madison, Wis.) package 
was used for analysis of open reading frames (ORFs) and restriction sites and for 
comparisons to GcnBank nucleotide sequences. The BLAST server at the Na- 
tional Center for Biotechnology Information (2) was used for amino acid com- 
parisons with the nonredundant protein databases Swiss-Prot, Protein Informa- 
tion Resource, Brookhaven Protein Data Bank, and GcnPept. 

Bacterial strains, media, and growth conditions. K pneumoniae was obtained 
from the American Type Culture Collection (Rockvillc, Md.) as strain ATCC 
25955. The E. colt strains used in all fermentations were AG1 (St rat a gene, La 
Jolla, Calif.) and TOP10F' (Invitrogcn). The temperature for all fermentations 
and inoculum cultures was 37°C The volume of the fed-batch fermentation was 
4 liters. The volumes of all other fermentations were 300 ml when extracts were 
prepared or 2 ml when they were not. The fed-batch fermentation was conducted 
in a Bio-Flo 3000 fermcntor (New Brunswick Scientific, Edison, NJ.) with pH 
controlled at 7.0, agitation at 50 rpm, and nitrogen sparging to minimize dis- 
solved oxygen. Fermentations of the 300-ml total volume were conducted with- 
out agitation for at least 10 h in anaerobic flasks. Two-milliliter fermentations 
were conducted in closed screw-cap tubes with a total liquid volume of 1.8 ml for 
at least 10 h. Inocula for smaller-scale fermentations were started from stocks 
frozen in glycerol and grown overnight with shaking in 2 ml of Luria-Bcrtam 
medium plus 100 u,g of ampicillin per ml (LA medium). The two-milliliter 
fermentation mixtures were inoculated with 50 p-1 of the overnight culture, and 
300-ml fermentation mixtures were inoculated with 500 ul. The inoculum for the 
4-liter fermentation was grown as for the smaller-scale fermentations, and then 
100 u.1 of this culture was added to 50 ml of LA medium and was grown overnight 
in a closed 50-ml centrifuge tube with no shaking. The entire 50 ml was used to 
inoculate the 4-iiter fermentation. 

The standard 1,3-PD production medium was used in all smaller-scale fer- 
mentations except where noted otherwise in the text. The standard medium 
consisted of the following, per liter 5 g of glycerol, 5 g of glucose, 6 g of 
Na 2 HP0 4 , 3 g of KH 2 P0 4 , 2 g of NH 4 CI, 0.5 g of Nad, 5 g of yeast extract, 
2 mmol of MgS0 4 , 100 mg of ampicillin, and 1 to 6 funol of coenzyme B ]2 . (In 
initial studies, the standard medium contained 6 u,M coenzyme B, 2 , but this was 
reduced to 1 u,M with no apparent effect on the fermentations.) The medium for 
the 4-liter fermentation was the same as the standard medium, except that 10 g 
of yeast extract per liter was used, and glucose and glycerol were initially present 
at 2 g/Iiter each and were restored to this level when they were consumed 
completely. 

Preparation of cell extracts. Crude cell extracts were prepared by sonication of 
cell pastes and subsequent centrifugation. Cell pastes were obtained by ccntrif- 
ugation of fermentation broths at 4,000 rpm for 5 to 10 min at 4°C with a 
Beckman (Fullerton, Calif.) model J2-21 centrifuge and JA-20 rotor. The pastes 
were washed in 20 mM Tris buffer (pH 8.0) or 50 mM potassium phosphate 
buffer (pH 8.0), centrifuged as described above, and resuspended in a small 
amount of the appropriate assay rcsuspension buffer. The cells were then dis- 
rupted by sonication for 5 min on ice at a duty cycle of 70% with 1-s cycles. Cell 
debris was removed by centrifugation at maximum speed for 5 to 15 min in a 
microcentrifuge. 

Assays. 1,3-PD oxidorcductasc was assayed by the method of Johnson and Lin 
(21). The initial rate of reduction of NAD* to NADH was measured spectro- 
photometrically (340 nm) at 25°C for a mixture containing 100 mM 1,3-PD, 
35 mM ammonium sulfate, 100 mM potassium bicarbonate buffer (pH 9.0), 0.6 
mM NAD *, and 10 to 50 u.1 of crude cell extract in a final volume of 1 ml. A 
baseline was established prior to the addition of NAD + , Glycerol dehydratase 
activity was measured by a coupled assay with yeast alcohol dehydrogenase (42) 
or by the MBTH (3-methyI-2-benzothiazolinone hydrazone) method (43). 

For the above assays, 1 U is defined as the number of micromoles of NAD + 
reduced, NADH oxidized, or propionaldehydc formed per minute at the assay 
temperature. Total protein concentrations In cell extracts were determined by 
using the Bradford assay kit (Bio-Rad, Hercules, Calif.) with bovine serum 
albumin as the standard. 

High-performance liquid chromatography analysis. The metabolites present 
in fermentation broths were analyzed with a Bio-Rad high-performance liquid 
chromatography system with a refractive index detector and a Bio-Rad Am in ex 
HPX-87H organic adds column at a flow rate of 0.6 ml/min and a column 
temperature of 65°C The mobile phase was 0.01 N sulfuric acid. Samples were 
filtered through 0.45-jim-po re-size Supor membranes (Gelman Sciences, Ann 
Arbor, Mich.) prior to analysis. 

SDS-PAGE. Sodium dodecyl sul fa te-polyacryl amide gel electrophoresis (SDS- 
PAGE) was done with a Hoefer (San Francisco, Calif.) SE 600 vertical unit Each 
protein sample was diluted with an equal volume of loading buffer (20% [vol/vol] 
glycerol, 2% [vol/vol] 0-mercaptoethanoI, 120 mM Tris-Cl [pH 6.8], 41 mg of 
SDS per ml, 0.01 mg of bromophenol blue per ml) and boiled for 5 min prior to 
being loaded onto a 1.5-mm-thick gel. The stacking gel and 10% separating gel 
were prepared as described by Ausubel et al. (4). The gel was run at 20 mA until 
the blue dye entered the separating gel, and subsequently it was run at 30 mA for 
3h. 

Construction of plasmlds. Standard techniques of recombinant DNA technol- 
ogy as described by Ausubel et al. (4) were used for all DNA manipulations. 
Restriction and DNA-modifying enzymes were obtained from Promega (Madi- 



TABLE 1. Goning vectors used and plasmids cited in the text 



Plasmid 



Properties 



Source or 
reference 



pBR322 E. coli cloning vector 9 
pSE280 trc promoter upstream of MCS* Invitrogen 
pSE380 pSE280 with constitutive lac repressor gene Invitrogen 

downstream of MCS 
pSL301 lac promoter upstream of MCS Invitrogen 
pTCl Cosmid containing K. pneumoniae dhaB, 41 

dhaT, dhaD, and dhaK genes 
pTC3 12.1-kb MeWacI fragment of pTCl 39 

inserted into pBR322 
pTC9 230-bp EcoKhNhel fragment deleted from 39 

pTC3 and remaining HindlU site within 

K. pneumoniae DNA filled in 
pTC42 2.3-kb fragment of pTC9 from start of ORF This work 

2 (dhaT) to Sad site inserted into pSE380 
pTC48 1,3-PD operon; unidirectional transcription This work 

oidhaB and dhaT from trc promoter; con- 
struction described in Materials and 

Methods 

pTC49 pTC48 with 596-bp Sall-Notl fragment re- This work 

placed by 677-bp PCR-derived ORF 4 
upstream region 

pTC50 pTC48 with 596-bp Satl-Notl fragment re- This work 

placed by 603-bp PCR-derived ORF 4 
upstream region 

pTC53 pTC50 with lacF gene inserted at Sort site This work 
pTC63 1.5-kb Nrul-Nml fragment (within ORF 3) This work 

deleted from pTC49 
pTrcBl 5 J-kb Kpnl-Nhel fragment of pTC9 inserted 44 

into pSE280 



0 MCS, multiple cloning site. 



son, Wis.) or New England Biolabs (Beverly, Mass.) and used according to the 
instructions of the manufacturer. Plasmids used in experimentation arc described 
in Table 1. Some plasmids that were used only in construction are not listed in 
Table 1 but arc mentioned below. ■ 

The prototype operon (pTC48) was constructed by the following steps, as 
illustrated in Fig. !. The source of the dhaB and dhaT genes was pTC9 (39). A 
partial dhaT gene was isolated by PCR so that the product had a 5* Kpnl site 
followed by the naturally occurring 17 nucleotides upstream of the dhaT gene 
. and a sufficient length of the structural dhaT gene to include the internal Pstl site. 
This product was cut with Kpnl and Pstl and inserted into pSE380 (Invitrogen) 
cut with the same two enzymes to give pTC35. pTC35 was cut with Pstl and Sacl, 
both originally in the multiple cloning site of pSE380, so that the remainder of 
the dhaT gene (the Pstl-Sacl fragment of pTC3) could be inserted. The resulting 
plasmid contained the full dhaT gene under the control of the trc promoter. The 
trc promoter allows high-level expression inducible by isopropyl-fJ-D-thiogalac- 
toside (IPTG). A partial dhaB gene was isolated by PGR so that the product had 
a 5' Sail site followed by the nucleotide sequence GAGGTAACAAAG and a 
sufficient length Of the structural dhaB gene to include the internal Noil site. This 
product was cut with Sail and Notl and inserted into pTC3 cut with the same two 
enzymes to give pTC43, which contains a full promoterless dhaB gene and none 
of the other dha genes of K. pneumoniae. pTC44 was constructed by cutting both 
pTC42 and pTC43 with NItel and Sail, ligating the two products, and isolating 
the plasmid which contained both the dhaB and the dhaT genes transcribed in 
the same direction under the control of the trc promoter. Extraneous start 
codons were present in pTC44, however, and therefore the trc promoter was 
isolated from pSE380 by PCR so that it could be placed before the dhaB and 
dhaT genes with no start codons between itself and the start codon oidhaB, The 
trc PCR product was flanked byNdel and Sail sites, and these enzymes were used 
to cut the trc PCR product as well as pSL301. pTC46S was the ligation product 
of these two fragments, such that the trc promoter was introduced into the 
multiple cloning site of pSL301. pTC46S and pBR322 were both cut with Ndel 
and Sail and ligated together so that the product, pTC47A, contained the trc . 
promoter and the ampicillin resistance gene and replication origin of pBR322. 
pTC47A and pTC44 were both cut with Sail and HindUl so that the trc promoter 
was just upstream of the dhaB-dliaT region. pTC48 enabled the conversion of 
glycerol to 1,3-PD in £ coll 

Two derivatives of pTC48 (pTC49 and pTC50) were constructed by replacing 
the Satl-Notl fragment of pTC48 with the products of PCRs using pTC9 as a 
template. The same downstream primer within ORF 4 that was used for pTC48 
was used to generate these two products, but the upstream primer was made to 
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PCR: partial dhaB 
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DTC43 
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4381 bp 



DTC47A 
3010 bp 



-Hf 

Uc trc DTC488 
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8888 



bp 

. FIG. 1. Construction of pTC48 as outlined in Materials and Methods. Restriction enzyme recognition sites are abbreviated as follows: H, Win dl II; K, Kpn\\ Nd, 
Mfel; Nh, NheJ; No. Notl; P, Pstl; Sc, 5acl; and SI, Brackets indicate the combination of two fragments of DNA by cleavage at the restriction sites shown in the 
bracket and subsequent ligation to form the product shown beneath the bracket 



hybridize to regions of pTC9 further upstream of ORF 4 than the primer used in 
the construction of pTC48. pTC53 is identical to pTCSO except that the consti- 
tutive lac repressor, isolated by PCR from the vector pS£380, was inserted into 
the Sacl site so that the lac repressor is transcribed in the same direction as the 
1,3-PD genes. 

pTrcBl was constructed by ligating the Kpril-Nhel fragment of pTC9 into 
pSE280 (Invitrogen) cut with Kpnl and Spel. 

Nucleotide sequence accession number. The nucleotide sequence described in 
this paper was submitted to GenBank under accession no. U30903. 

RESULTS 

General features of the DNA sequence. The sequence of an 
Nhel-Sacl fragment of cosmid pTCl (41), a contiguous se- 
quence of 8,067 nucleotides, was determined as described in 
Materials and Methods. Several large ORFs (that would en- 
code proteins of 10 kDa or more) were found within the frag- 
ment known to contain the dhaB and dhaT genes. The major 
ORFs were designated as shown in Fig. 2. 

Identification of functional units conferring dhaB and dhaT 
activities. The main objective in the construction of the 1,3-PD 
operon was to enable expression of the dhaB and dhaT genes 
in one transcript under the regulation of a single replaceable 
promoter/operator. The construction of the 1,3-PD operon 
therefore required the identification of regions of DNA that 
confer dhaB and dhaT activities but are independent of their 
native regulation. 

Glycerol dehydratase (DhaB) is known to consist of multiple 



subunits. This suggests that the DNA encoding it consists of 
multiple ORFs. Stroinski et al. (34) reported that the active 
DhaB enzyme consists of two subunits, A (22 kDa), which itself 
dissociates into two subunits with an apparent molecular mass 
of about 12 kDa each, and B (189 ± 22 kDa). It was shown that 
subunit B could be further dissociated into subunits of 90 ± 25 
kDa in the presence of 0.1 M KC1. A portion of the sequenced 
fragment, the Kpnl-Nhel fragment, was found to be sufficient 
for dhaB activity. This fragment contains ORFs transcribed in 



kb o 1 



3a 



1 4a 4 



2a 



2b 2c 



FIG, 2. Major ORFs within the sequenced K. pneumoniae DNA fragment. 
The direction of transcription is indicated (arrows). The three rows shown for 
each transcriptional direction represent the three frames of reference. ORFs 
incorporated into the 1,3-PD operon are indicated (shaded). Glycerol dehy- 
dratase is encoded by ORFs 4, 4a, and 3 a. 1,3-PD oxidoreductase is encoded by 
ORF 2. ORF 3 augments 1,3-PD production by providing an unknown function. 
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the following order: 4, 4a, 3a, 3. Plasmid pTrcBl contains the 
Kpnl-Nhel fragment under control of the trc promoter. Crude 
cell extracts of E. co/t/pTrcBl possessed glycerol dehydratase 
activity. Living E. c<?///pTrcBl grown in the standard medium, 
except with glucose and glycerol replaced by xylose and 1,2- 
propanediol (1,2-PD), converted 1,2-PD to 1-propanol only 
when coenzyme B 12 was added to the medium. K. pneumoniae 
glycerol dehydratase can accept 1,2-PD as a substrate, and the 
conversion of 1,2-PD to 1-propanol is analogous to the con- 
version of glycerol to 1,3-PD. 1,2-PD was used in place of 
glycerol to avoid accumulation of highly toxic 3-HPA, and 
xylose was used instead of glucose to avoid possible catabolite 
repression of the endogenous dehydrogenase responsible for 
conversion of propionaldehyde to 1-propanol 

1,3-PD oxidoreductase (DhaT) is reported (12, 21) to consist 
of a single subunit of 40 to 45 kDa whose active form comprises 
an octamer of this subunit. We cloned ORF 2 downstream of 
the trc promoter and included a copy of the constitutive lac 
repressor gene to form plasmid pTC42. We compared dhaT 
activity levels in extracts of induced and uninduced E. colif 
pTC42 cells. We also compared these to the activities in ex- 
tracts of E. colt cells containing pTC9, a plasmid that allows 
significant 1,3-PD synthesis, to ensure that pTC42 was capable 
of conferring adequate dhaT activity. When pTC42 fermenta- 
tion cultures were uninduced, the resulting cell extracts pos- 
sessed no detectable dhaT activity. pTC42 fermentation mix- 
tures that contained 0.5 mM IPTG throughout gave cell 
extracts with a dhaT activity (0.8 U/mg of protein) twice that of 
pTC9 cell extracts (0.4 U/mg of protein). ORF 2 was expected 
to encode a protein with a molecular weight of 41,459 based on 
translation of the nucleotide sequence. SDS-PAGE of induced 
and uninduced pTC42 extracts showed that induced cells over- 
produced a protein of just under 43 kDa, whereas uninduced 
cells did not (Fig. 3). 

Comparison of identity at the amino acid level provided 
further evidence that ORF 2 encodes 1,3-PD oxidoreductase. 
ORF 2 is homologous to a number of NADH-dependent oxi- 
doreductases having identities at the amino acid level of from 
36% with E. coli alcohol:NAD + oxidoreductase (AdhE) to 
94% with C. freundU 1,3-PD:NAD + oxidoreductase (DhaT). 
Daniel et al. (1 1) have reported the homology of the C freundii 
DhaT protein to a number of type III oxidoreductases. The 
gene product of ORF 2, like the type III oxidoreductases, 
contains the characteristic iron-containing-protein signature 
GxxHxxAHxxGxxxxxPHG (5). 

The above evidence led to the assignment of the regions of 
DNA to be considered functional dhaB and dhaT units for the 
purpose of operon construction. For dhaB, the unit is the set of 
ORFs to be transcribed in the order 4, 4a, 3a, 3. For dhaT, the 
unit is ORF 2. 

Construction of the 1,3-PD operon. In the native DNA frag- 
ment isolated from K pneumoniae the dhaT and dhaB genes 
are transcribed in opposite directions from a common region. 
In Fig. 2, ORF 2 (dhaT) is transcribed from left to right, and 
ORFs 4, 4a, 3a, and 3 are transcribed from right to left. There- 
fore, the steps necessary for construction of the 1,3-PD operon 
were (i) isolation of the functional dhaB and dhaT units with- 
out their promoters, (ii) rearrangement of the DNA so that the 
two units are transcribed in the same direction, and (iii) at- 
tachment of a replaceable promoter upstream of the units. A 
representation of the 1,3-PD operon (plasmid pTC49) is shown 
in Fig. 4. 

Construction of the 1,3-PD operon was accomplished by 
PCR, restriction digestions, and ligations as described in Ma- 
terials and Methods. ORFs 2 and 4 were amplified by PCR 
from the beginning of the ORF to a site downstream of an 




FIG. 3. Coomassie blue-stained SDS-PAGE gel of crude cell extracts of 
E. co%TC42, induced with 0.5 mM IPTG (lane +) and uninduced (lane -). The 
protein overproduced when the cells are induced is indicated (arrow). Crude cell 
extracts were prepared as described in Materials and Methods. Lane M, molec- 
ular mass marker. 



internal restriction site and religated to the remainder of the 
corresponding gene. The trc promoter (with the lac repressor 
binding site but no catabolite gene activator protein-cyclic 
AMP binding site) was isolated by PCR from pSE380 so that 
the amplification product would be bounded by BglU sites. The 
promoterless genes and the trc promoter were reassembled 
into pBR322 so that the trc promoter directs monocistronic 
transcription of the ORFs in the order 4, 4a, 3a, 3, 2. 

The significance of ORF 3. Tobimatsu et al. (38) reported 
that ORF 3 does not encode a subunit of glycerol dehydratase. 
We observed a loss of dehydratase activity when the Sfil site 
within ORF 3 of pTC9 was disrupted by digestion and blunt- 
end ligation (44). The relevance of ORF 3 to the 1,3-PD 
operon was tested by conducting fermentations with strain 
TOP10F carrying either pTC49 or pTC63 (pTC49 with an 
Nrul-Nrul deletion within ORF 3). TOP10F7pTC63 produced 
about 40% as much 1,3-PD as TOP10F/pTC49 (Table 2), 
indicating that ORF 3 is not necessary for glycerol dehydratase 
activity, but it may serve some other function that permits 
1,3-PD synthesis to be more effective. 

Requirement for coenzyme B 12 addition. We determined to 
what extent coenzyme B 12 addition was necessary to effect 1,3- 
PD production in the transgenic E. coli cells. Figure 5 shows 
the final 1,3-PD concentrations of fermentations in which 
TOP10F'/pTC49 was grown in the standard 1,3-PD production 
medium except with various low concentrations of coenzyme 
B l2 . 1,3-PD was not formed by TOP10F'/pTC49 when coen- 
zyme B 12 was not added, and TOP10F' cells did not synthesize 
1,3-PD without the K pneumoniae genes, confirming that the 
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FIG. 4. Plasmid pTC49, one version of the 1,3-PD operon. The regions sufficient for glycerol dehydratase (dJiaB) and 13-PD oxidoreductasc {dhaT) expression 
(black segments) and the direction of transcription (arrows) arc indicated. The ampR (ampicillin resistance) gene and the pMDl origin of replication arc identical to 
those in pBR322. Nucleotide positions arc also indicated (in parentheses). 



cloned K pneumoniae genes are responsible for 1,3-PD syn- 
thesis. Coenzyme B 12 was no longer limiting to 1,3-PD synthe- 
sis when provided at concentrations above 10 nM, far below 
the concentration in our standard production medium (1 u,M). 

Fed-batch fermentation. We conducted a 4-liter fed-batch 
cofermentation of glycerol and glucose with E. coli AG1/ 
pTC53 without induction to determine what concentration of 
1,3-PD could be achieved in the final broth. pTC53 is essen- 
tially the same as pTC49 except that it contains the constitutive 
foe repressor gene (lacF). pTC49, although it can be somewhat 
more effective in 13-PD synthesis, was not used because of its 
tendency to rearrange. pTC49 and pTC53 are stable plasmids, 
but pTC49 often did not retain its original configuration over 
many generations. It is possible that the addition of the lacl* 
gene to pTC49 prevents excessive transcription and that rear- 
rangement in pTC53 does not provide a significant growth 
advantage. Figure 6 shows the time course of the AGl/pTC53 
fermentation, in which glucose and glycerol were adjusted to 2 
g/liter each time the concentrations of both components were 
nearing zero. The results of the fermentation are summarized 
in Table 3. The final concentration of 1,3-PD was 6.3 g/liter. 
The fermentation had two distinct phases, one in which the 



TABLE 2. Production of 1,3-PD in batch culture by 
TOP10F7pTC49 and TOP10F7pTC63 fl 



Initial glycerol concn 
(©liter) 


1,3-PD produced (g/liter) 


TOP10F7pTC49 TOP10F7pTC63 


2 


0.96 0.43 


5 


1.19 0.49 


10 


1.18 0.47 



* Fermentations were carried out in the standard 1,3-PD production medium 
in closed 2-ml screw-cap tubes with no agitation for 15 h at 3TG pTC63 is 
identical to pTC49 except that it lacks the Nml-Nml fragment (1.5 kb) within 
ORF3. 



cells grew and produced predominantly 1,3-PD and acetate, 
and another after the cells ceased to grow in which pyruvate 
became the dominant acid product. 

DISCUSSION 

We have constructed an operon containing the glycerol de- 
hydratase and 1,3-PD oxidoreductase genes of K. pneumoniae. 




[coenzyme B-12], nM 

FIG. 5. 1,3-PD production in E. coli TOP10F' carrying pTC49, The 2-ml 
fermentations were carried out as described in Materials and Methods in stan- 
dard l t 3-PD production medium but with various low concentrations of coen- 
zyme B 12 . Symbols: final 1,3-PD concentration (in grams per liter); ■, molar 
yield of 1,3-PD from glycerol (moles of 13-PD produced per mole of glycerol 
consumed). 
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The operon enables the production of 1,3-PD in E. coli and 
provides the basis for future expression of the 1,3-PD pathway 
under novel regulation in other organisms. It also provides a 
basis for extending the 1,3-PD pathway to include fermentable 
sugars. Laffend et al. (24) have already demonstrated that the 
sugars-to-l,3-PD pathway is realizable. Expression of the 
1,3-PD genes in an organism that can naturally produce glyc- 
erol from sugars would complete a microbial sugars-to-l,3-PD 
pathway, averting the possibly toxic effects of high glycerol 
concentrations and providing a microbial route to 1,3-PD from 
fermentable sugars, which are more abundant, less expensive, 
and utilizable by a wider range of organisms than glycerol. 

The 1,3-PD operon is very flexible in that it contains unique 
restriction sites in several strategic locations (Fig. 4). The pro- 
moter region can be replaced with any BglU-BglU fragment; 
PCR can be used to isolate any promoter region of interest 
bounded by BgUl sites, and the promoter region can be ligated 
into this location. We observed that the trc promoter fragment 
could be replaced by the £. coli lac or phoA promoter with the 
retention of the ability to produce 1,3-PD, but removal of the 
promoter caused a dramatic decrease in 1,3-PD production 
(data not shown). The BgHl sites flanking the promoter are 
also significant because DNA cleaved with BglU can be ligated 
to DNA cleaved with Sau3Ad without the creation of blunt 
ends with DNA polymerase. Therefore, Saw3AI digests of ge- 
nomic DNA of any organism can be randomly ligated into this 
location to screen for promoters effective in the production of 
1,3-PD under any conditions desired, an implementation not 
possible with unmanipulated K. pneumoniae DNA. The up- 
stream regions of ORF 2 or 4 can be replaced with any Kpnl- 
Mlul or SaH-Notl fragment, respectively. This allows the intro- 
duction of different ribosome binding sites or leader sequences 
at either of these locations. Additional genes, promoters, and 
terminator structures can be ligated into the operon before or 
after the promoter, dehydratase region, or oxidoreductase re- 
gion. 

During the construction of the 1,3-PD operon, we deter- 
mined that ORFs 4, 4a, 3a, and 3 are sufficient for glycerol 
dehydratase activity. Two important points concerning this de- 
termination should be addressed here: the demonstration of 



the activity and the significance of ORF 3. We observed that 
cells containing pTrcBl (ORFs 4, 4a, 3a, and 3 under control 
of the trc promoter) possessed glycerol dehydratase activity. 
These cells converted 1,2-PD to 1-propanol when the medium 
was supplemented with coenzyme B 12 . Glycerol dehydratase 
converts glycerol to 3-HPA, which is a potent antimicrobial 
agent (15, 36), but it converts 1,2-PD to propionaldehyde, 
which is less toxic to K coli than is 3-HPA (15, 23). We 
therefore used 1,2-PD as a substrate instead of glycerol to 
demonstrate the activity in whole cells. 

Tobimatsu et al. (38) reported that the K. pneumoniae ORF 
corresponding to our ORF 3 is not necessary for glycerol 
dehydratase activity. We found this to be true also, but we 
found that ORF 3 seems to augment 1,3-PD synthesis by pro- 
viding an unknown function. ORF 3 has some identity to co- 
enzyme B 12 -dependent enzymes. A generally recognized con- 
served sequence in such enzymes is DxHxxG (7). This motif is 
not encoded in ORF 3; however, the translation of ORF 3 
shares a VGxSSL motif with the coenzyme B 12 -dependent 
enzymes methylmalonyl-coenzyme A mutase (8, 28), methy- 



TABLE 3. Summary of results of the 4-liter fed-batch 
^ £. coli AGl/pTC53 fermentation 



Parameter 


Phase I 


Phase II 


Overall 


(0-8 h) 


(8-32 h) 


(0-32 h) 


Glycerol consumed (g/liter) 


1.85 


7.48 


933 


Glucose consumed (g/liter) 


2.00 


6.70 


8.70 


Yield (molof 1,3-PD/mol of glycerol) 


0.77 


0.83 


0.82 


Products formed (g/liter) 








U-PD 


1.18 


5.15 


6.33 


Acetate 


1.09 


0.95 


2.04 


Succinate 


0.32 


0.11 


0.43 


Pyruvate 


0.00 


4.11 


4.11 


Lactate 


0.29 


1.35 


1.64 


Formate 


0.79 


0.65 


1.44 


Biomass 


0.69 


0.06 


0.75 


Carbon recovery (%) 


105 


92 


95 



104 
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l>Propnncdlol dehydrogenase (EC 1.1JL202) was purified to homogeneity from Citrobacter freundii grown 
anaerolNcnUy on glycerol in continuous culture. The enzyme is an octamer of a polypeptide of 43,400 Da. When 
tested at a dehydrogenase, the enzyme was most active with substrates containing two primary alcohol groups 
separated by one or two carbon atoms. In the physiological direction, 3*hydroxypropionaJdehvde was the 
preferred snbstrale. The apparent K*. values of the enzyme for 3-hydroxypropionaldefayde and NADH were 140 
and 33 jiM, respectrvcry. The enzyme was inhibited by chelators of divalent cations but conld be reactivated by 
the addition of Ft 3 *. The dhaT gene, encoding the ^propanediol dehydrogenase, was cloned, and Its 
nndcotkte sequence (1464 bp) was determined. The deduced dhaT gene product (387 amino acids, 41,324 Da) 
showed a high level of similarity to a novel family (type DOT) of alcohol dehydrogenases. The dhaT gene was 
overexpresscd in Escherichia coli 274-fold by using the T7 RNA porymerase/promoter system. 
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Microorganisms such as Citrobacter freundii or Klebsiella 
pneumoniae arc able to grow anacrobically on glycerol as the 
sole carbon and energy source (17). In the absence of an 
externa] oxidant, glycerol is fermented by a disnratafjon pro- 
cess involving two pathways. Through one pathway glycerol rs 
debydrogenated by an NAD* -linked glycerol dehydrogenase 
to dmydroxyacetone, which is then phosphorylatcd and fun* 
neled to glycolysis by dihydroxyacetone kinase (18). Through 
the other pathway, glycerol is dehydrated by the coenzyme 
B, 2 -dependent glycerol dehydratase to form 3-hydroxypropi- 
onaldehyrie, which is reduced to the major fermentation prod- 
uct 1,3-propancdiol by the NADH-linked 13-propanerfiol de- 
hydrogenase, thereby regenerating NAD* (13). The four key 
enzymes of this pathway are encoded by the dha regulon, the 
expression of which is induced when dihydroxyacetone or glyc- 
erol is preseni (13, 27). 

Recently we have cloned and expressed the dha regulon of 
C freundii in Escherichia coli (8). The coding region of the 
whole regulon is located on the 40-kb recombinant cosmid 
pRDl. In this report, we describe the purification of 13-prr> 
panediol dehydrogenase (EC 1.1.1.202) from C freundii and 
the subcloning, sequencing, and overexpression of the corre- 
sponding gene in £ coli. 

MATERIALS AND METHODS 

Material*. f>5cpharose Fan Plow and Blue Sepharose CL-6B were obtained 
Bom Pharmacia LKB GmbH, Freiburg, Germany. Tnx, EDTA, and sodium 
dodecyi sulfate were from Serra, Heidelberg Germany. ^Propanediol and 
l^propanedjal were purchased from Merck, Darmstadt, Germany. 3-Hy- 
di uxypjupraoaIdj%de was synthesized by me method of Durrwachtcr et iL (J1L 
AO other reagents used were commemal products of the highest grade available. 

Bacterial strata*, ptasaakb, and growth coarfttfans. C firundii DSM 30040 
was obtained from the Deutsche Sammhisg von Mixroorgxourroen und ZeQkul- 
mren GmbH Braunschweig. Germany. The gene coding for IJ-propaoedlol 
dehydrogenase was belated from the recombinant coamid pRDl, which harbon 
a 32-kb chromosomal DNA insert from C fmutda (8). £ cofi JM109 (45) and 
K38/pGPl-2 OS) were used as hosts* and pBluescript SK+ (Stratagene GmbH. 



• Corresponding author. Mailing address: Inslirut fQr Mikrobiolo- 
gie, Georg-August-UnrvcTsitAt Gotringen, Crrisebachstrawc 8, 37077 
Gollingen, Germany. Phone: (49) 551-393781. Fax: (49) 551-393793. 



HcidcIbeTx, Germany) was employed as the vector for the doning and expression 
experiments. 

C freundii was grown in continuous culture under anaerobic conditions at 
37*C as described previously (3). Celh of the effluent were harvested by ccntrif- 
ugation at 6,000 x g Ibr 20 mm. washed twice with 50 mM imidazole buffer (pH 
7.0) supplemented with 2 raM FeSO« - 7H 2 0 and 2 raM reduced glmathJone 
(GSH), and resuspended in the same buffer. The eclb were disrupted by French 
pressing (138 x 10* Pa), and the extract was cleared by centrifugation at 30*000 
X j for 20 mtn. Alt steps were done under anaerobic conditions and at <*C 

£ coB was routinely grown at 30*C in LB medium (28), which was supple- 
mented with axnpttillm (100 ag/ml) or lumamycin (100 ug/nil) when necessary. 
Recombinant £ co6 strains nsed for expressioo of genes with the T7 RNA 
porymerase/promoter system were grown at 30*C m a medium containing the 
following (per bier): KiHPO* 144) g; KHjPO*. 6l0 % yeast extract. 10 g; tryp- 
torie.l0g;gryTerol9g:(NH^ • 7H,0. 0.2 g; CoO, • 6H,0, 

0.01 1 9 g: kanamydn, OS g; arnpictOm, ai £ and trace element solution SlA (25). 
1 ml (pH 7 J). At an A m of 1.2 to 1-3. the temperature was raised to 42*C and 
maintained for 30 min; the cultures then were shifted to JTC, left for 25 b. and 
harvested by ccntnfogaaoo as described above. The cells were washed once with 
100 mM potassium phosphate buffer (pH 8.0). resuspended in 2 to 3 ml of the 
same buffer, and gassed with Nj for 60 min. The cells were disrupted by French 
pressing, and the extract was ckared by cratriruption as described above. 

Assays. The activity of L>propenediol dehydrogenase was determined spec- 
troprrtHocTetrically (E^) at 25*C by the oritiai rate of substrate-dependent 
NADH decrease The assay mixture contained 27 mM piopionaJdchydc. 037 
mM NADH, and 100 mM triethanol&mine buffet (pH 7 J) in a 1-rol final volume 
(3). Units of activity are mictorooles per minute. 

Protein concentrations were determined by the method of Bradford (4) with 
bovine serum albumin as the standard. 

ftariftcatioo of L3- propanediol dchjiliugtoase. All purification steps were 
carried out at room temperature under anaerobic conditions, and the buffer used 
was 50 mM imidazole huffier (pH 7.0) containing 2 mM FeS0 4 * 7H,0 and 2 
mM GSH unless otherwise stated. 

00 AnJon-4xchnnfB chrocastographv. The supernatant fraction of the cell 
extract from C firundii (450 mg of protein in 15 ml) was loaded onto a Q- 
Sepharose Fast Flow column (50 ml). After the column was wished with 300 ml 
of buffer, the protein was efuted with a 500-ml linear gradient of 0 to 150 mM 
KQ (Row rate* LS ml/rain). EnxymaticaOy active fractions were pooled 

(II) Affinity dknnwuigrapby. The pooled fractions (1 00 ml) were applied to a 
Blue Sepharose CL-6B column (30 ml), which had been equilibrated with buffer 
containing 150 mM KQ. The column was washed with 200 ml of equilibration 
buffer, and the 13-pfopanediof delrydrogenasc was efuted with buffer supple- 
mented with 200 mM KO (Sow rate, 1 J mlAnm). Unless otherwise specified, this 
preparadon was used for characterization of the enzyme. 

Rcasewal of awtaJ Jens, For removal of any nvuii bty bound meul ions* 
enzyme preparation* were passed twice through a prepacked disposable Sepb- 
adex G-25 cohunn (Pharmacia LKB GmbH) as recommended by the manufac- 
turer. 

Detenohtaboo of molecular aaassea. Analytical sodium dodecyl sulfate-pory- 
acrylamide gel etectropborests was carried out in 10% polvacrylamide slab geb at 
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TABLE I. Purification of 1,3-propanediol dehydrogenase* 



Sl£p 



Total Activity (TJ) 



Protein (mg) 



Sp act (UAng) 



Purification ((old) 



Garificd extract 
Q-Sepharose Fast Flow 
Blue Sepharose CL-6B 



Recovery (%) 



1,254 
1,204 
960 



450 
26.8 
10.6 



Z7 
43.1 
90.9 



1 

16 
34 



100 
96 
80 



* The purification procedure is described in Materials and Methods. 



25*C by the procedure of Laemmli (22). The following proteins served as mbonit 
l* 0 **"*** b (97,400 Da), glutamic ckrrydroge- 
nase (55,400 Da), and lactate dehydrogenase (36,500 Dal Protein bands were 
located by staining with AgNO, (2). 

The sed&neotarjoo coefficient of the purified protein was determined by »ed- 
imcntarioa in a linear sucrose density gradient (20 to 50% [wvvol] sucrose) by 
the method of Martin and Ames (24) with catalasc (231,000 Da) and aldolase 
(15&000 Da) u standards. tooifngatjoo wu dooe for 16 b at 4*C and 193.000 
X g. The Stoke'* radius of the enzyme waa determined by gcj filtration in a 
buffered Pharmacia Superoae 1 2-prepacked 1 0/30 column by use of a computer- 
controlled tow-pressure Kquid chromalograpby system (Pharmacia LKB GmbH) 
as recommended by the manufacturer, ferritin (440,000 Da), catalasc (232,000 
Da), and aldolase (158J00O Da) were used as standards. The native molecular 
mass of ^propanediol deirydrogenase was catadaacd from the sedimentation 
coeJoaent and the Stake's radius by the method of Siege] and Monty (32). 

Kinetic data, values for the substrate and for the coenzyme were deter- 
inined from Lmcweavcr-jBurt plots derived from the resulis of experiments in 
which a fiand cencentration of the substrate or coenzyme and an appropriate 
range of concentrations of the other reactant were used 

Dctrnninatiw ef the rttannlnal nbo add sequence. The 1,3-propaoedio) 
dehydrogaiase was separated by sndhim dodecyl snifate-pc^crylaiHide gd clcc- 
rjonboresis and Wotted onto a porrfvmyiideoe diflooride) membrane as dc- 
acribed by Xyhse-Andencn (21). Die polypeptide was subjected to automated 
Edman degradation. 

Nodek add IsourJon and anatripaJation. Isolation of plasmids from E co£ was 
Performed with the Qniagen Midi kit (Diagen GmbH. Dussektorf. Germany). 
DNA manipulations were done by standard methods (28). Restriction enzymes 
and T4 DNAiigase were obtained from GIBCO/BRL GmbH (Eggenaein, Ger- 
many) and used according to the rnanufacrtirer*s fasrjuabni 

DNA a w r afinl n g, Doubte-strarxied plasm id DNA was sequenced by the 
dideoxy-cbain teminatkm method (29% using "S-dATP (DuPont, NEK Re- 
search Product^ Bad Homburg, Germany) and a Sequenasc version 10 DNA 
sequencing kit from VS. Bfodtenncab (Braunschweig. Germany) according to 
the protocol given by the manufacturer. The entire sequence of the C firundS 
DNA insert of pRDI7 was determined for both strands. Sequencing started 
within the vector pBhiescripl SK+, using the commercial sequencing forward 
and reverse primers (VS. Biochemical*). Further iecpencing w W carried out by 
using sequentially synthesized oligonucleotide* (17-men) fining to the ends of 
the already determined DNA sequences (primer walking). OHgoouckotides 
were synthesized on a Gene Assembler Pros (Pharmacia LKB GmbH) according 
to the roamifmcrurcT » instructions. The djdenay-termiaated fragments were sep- 
arated on 55-cm wedge-shaped thickness gradient gels (02 to 0.4 mm, 6% 
JwvVolJ polyacrylamfde) with a Macrophor sequencing unit (Pharmacia LKB 
GmbH) as recommended by the manufacturer. 

Comparer aaaryala, The DNA sequence data and the deduced amino acid 
sequences were analyzed by using the DNA Strider program (23) on a Macintosh 
Perform* 450 computer (Apple Computer, Inc, Cupertino, CaKt). Further 
sequence analyses were carried out with a VAX 9000 computer, osfng the 
Genetics Computer Group Inc sequence analysis software package version SJ) 

Nndeotide sequence accession number. The sequence data presented here 
w ere s ubmitted to the GcoBank database and assigned accession number 
U09771. 



RESULTS 

Enzyme purification. 1 ^-Propanediol dehydrogenase was 
stable in anaerobic extracts of cells disrupted in 50 mM imi- 
dazole buffer (pH 7.0) supplemented with 2 mM FeS0 4 • 
7H a O and 2 mM GSH. Omission of either Fe 2 * or GSH 
resulted in a severe loss of enzyme activity during purification. 
Ammonium sulfate was not used for concentrating the enzyme, 
since a 45% loss of activity was observed. The enzyme was 
purified 34-fold with an 80% recovery (Table 1). The dehydro- 
genase was stable at room temperature or A°C for several 
weeks. 

Molecular mass and subimit composition. The final enzyme 



preparation migrated as a single band corresponding to a 
molecular mass of 43,400 Da during sodium dodecyl sulfate- 
polyacrylanude gel electrophoresis (Fig. 1). Analysis of the 
dehydrogenase by gel filtration on a fast protein liquid chro- 
matography column and by sedimentation m a linear sucrose 
density gradient gave a Stoke's radius of 5.65 nm and a sedi- 
mentation coefficient of 14.21S, respectively. The native mo- 
lecular mass of the purified 1,3-propanediol dehydrogenase 
calculated by fbe equation of Siegel and Monty (32) was 
331,000 Da. This result suggest that the native enzyme is an 
octamer. 

Substrate specificity and kinetic properties. Substrate spec- 
ificity studies showed that the 1,3-propanediol dehydrogenase 
was capable of catalyzing a number of oxidation and reduction 
reactions (Table 2). All primary, secondary, and tertiary alco- 
hols tested were oxidized The enzyme was most active with 
diols containing two primary alcohol groups separated by one 
or two carbon atoms; Le., 1,3-propanediol resulted in the high- 
est reaction rate. The reduction reaction was more specific 
The enzyme was most active with 3-hydroxypropionaldehyde 
and considerably less active with glyceraldehyde, propionalde- 
byde, acetaidehyde, and buryraldehyde. No reduction of dihy- 
droxyacetoae, bydroxyacctonc, or acetone was observed. The 
enzyme bad no detectable activity with NADPH (037 mM) 
when tested with propionaldebyde. 

The enzyme displayed classical Micbaelis-Menten kinetics, 
with apparent K m values of 1.25 mM for 1,3-propanedioi, 0.14 
mM for 3-bydroxypropkmaldehyde, and 11 mM for propional- 
dehyde. The apparent K m value for NAD* was 03 mM (with 
13-propanedioI), and that for NADH was 0.033 mM (with 
propionaldebyde). 

Activation of enzyme by divalent cations. When 13-pro- 
panedio! dehydrogenase was treated with 1,10-phenanthroiine 




HO. 1. Scdhim dodecyl wtfar^pdlyacrylarmde gel electrophoresis of pari- 
fied 13-fropanediol dehydrogenase. The punned protein was subjected to elee- 
rjtjphorcsis on t 10% porjracrytamide slab gd m the presence of 0,1% sodium 
dodecyl sulfate. The protein bands were stained with AgNO). Lanes: 1, molec- 
ular mass markers (ptwspborylise b, 97.400 Da; gtutamate dehydrogenase, 
55,400 Da; and lactate dehydrogenase, 36.500 Da); 2, 2 tig of purified 1> 
propanediol dehydrogenase. 
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TABLE 2. Substrate specificity of 13-propanedioJ dehydrogenase 



Reaction and tubs t rate 



Relative 
activity (%) 



Reduction* 
3-HydraxypropionaJdehydc- 

Acctaldehyde 

PropionaJdehydc 

Butyraldchyde ...... 

Gryceraldehyde ... 

Acrolein 



Oxidation* 
1 J- Propanediols 
1,2-PropancdioL. 
l,4-ButanedioI«.. 
23-Butanediol 
Glycerol.. 



Ethytexic glycol- 
Ethanoi 



1-Propanol > 

1- Butanol ~. 

2- Butanol _ 



100 
12 
21 
7 

25 
10 



100 
29 
88 
18 
29 
19 
40 
50 
59 
40 



* The enzyme activity in reduction reactions was determined under the assay 
conditions described in Materials and Methods, except that the concentration of 
DTOpkmaldehyde and the other substrates wis 10 mM. Activities are expressed 
relative to thai obtained with 3-bydroxYpropkmakithydc (10 J U/ml). 

* The activity of 1,5-propanediol dehydrogenase in oxidation reactions was 
determined specttophotomctricaBy (E^U 25X2 by the tniuaj rate of substrate- 
dependent NADH increase. The assay troxttirc contained 100 mM K-COj buffer 
(pH 9.0X 15 mM (NHJ^SO*. 0.6 mM NAD*", and 100 mM substrate in a I -ml 
final volume. Activities are expressed relative to that obtained widi l>pro- 
pancdiol (20.7 U/ml). 



and separated from the chelator by gel filtration, the specific 
activity had dropped from 90.9 to H.8 U/mg. The addition of 
Co 3 *, Ca 2 "*", or Zn 3+ had no effect in restoring the activity, but 
the activity was increased twofold by 50 Mn 2+ and fivefold 
by50|tMFe 2+ . 

Cloning and sequence of the gene encoding 1,3-propanedio) 
dehydrogenase. The recombinant cosmid pRDl, which con- 
tains a 32-kb insert of C firundii genomic DNA, harbors the 
entire dha regulon of C freundii, as described previously (8). 
After digestion of pRDl with several restriction enzymes, li- 
gation into pBluescript SK+, and transformation into £ coli 
JM109, one subclone with 13-propanediol dehydrogenase ac- 
tivity (0.02 U/mg) in cell extracts was obtained. This clone 
contained a 5,856-bp plasmid (pRD17) with a 2,916-bp Pstl- 
MindlU insert of C. framdii genomic DNA The origin of the 
cloned DNA was established by Southern blot analysis (data 
not shown). A restriction map of the ftil-Zfiridlll insert is 
given in Fig. 2. 

The complete 2,916-bp insert in plasmid pRDl 7 was se- 
quenced in both directions. The sequence of the gene encoding 
13-propanediol dehydrogenase of C frevndii is shown in Fig. 



3. An open reading frame (dhaT) of 1,164 bp was identified, 
corresponding to 387 amino adds (including the N- terminal 
methionine) with a predicted molecular mass of 41,324 Da. 
This is in good accordance with the molecular mass deter- 
mined for one sub unit of the purified 13-propanediol dehy- 
drogenase. The N-terminal amino acid sequence of the puri- 
fied enzyme was identical to that deduced from the sequence 
of the dhaT gene through the first 27 amino acids, except that 
the initial methionine was not present in the mature protein 
(Fig. 3). The identity of the amino acid at position 28 was 
uncertain by peptide sequencing; the amino acids in positions 
29 through 39 were in agreement 

The coding region of dhaT is preceded by the sequence 
AGGT, a probable ribosome-binding site (31) located 8 bases 
upstream from the start codon. The dhaT gene ends with a 
single stop codon, TGA (Fig. 3). The sequence upstream from 
the ribosome-binding site shows no homology to the promoter 
consensus sequence described for £ coli (16). 

Amino acid sequence homology with other alcohol dehydro- 
genases. The amino acid sequence deduced from. dhaT was 
compared with deduced amino add sequences from several 
alcohol dehydrogenases available in the EMBL and GenBanJc 
databases. Homologies of DhaT from C framdii to the anal- 
ogous proteins from other organisms are depicted in Table 3. 
A significant similarity'- between DhaT and a novel family of 
alcohol dehydrogenases (type III) is apparent This family is 
distinct from the long-chain zinc-containing (type I) or short- 
chain zinc-lacking (type II) enzymes (26). The type III alcohol 
dehydrogenases exhibit 26.2 to 48 5% identity (50 to 68.2% 
similarity), to 1,3-propanediol dehydrogenase. There are no 
significant similarities between 13-propanediol dehydrogenase 
and type I or type D alcohol dehydrogenases. 

Computer searches also revealed the presence of a more- 
or-less-conscrved iron-binding motif (1) in all type III alcohol 
dehydrogenases examined (Fig. 4). Adh2 of Zymomonas mo- 
biiis, FucO of K coli, and AdhE of £1 coli have been reported 
to use Fe 2 *" as a cefaclor for their catalytic activities (20, 34, 39, 
40). The iron-binding motif postulated by Bairoch (1) is fully 
conserved in these three enzymes as well as in the dhaT gene 
product (amino adds 264 to 282 in Fig. 3). This is in agreement 
with the iron dependency of 1,3-propanediol dehydrogenase 
during purification. 

1,3-Propanedio] dehydrogenase requires NAD(H) as a co- 
enzyme, but the highly conserved NAD(H) binding fingerprint 
pattern G-X-G-X-X-G (43) was not present in the deduced 
amino add sequence of the dhaT gene. 

High-level expression of the dhaTgtnt. The plasmid pBlue- 
script SK+ contains a T7 promoter on one side of the multiple 
cloning site. The dhaT gene showed the same orientation as 
the T7 promoter (Fig. 2). Therefore, we could use this pro- 
moter for expression experiments. To obtain high-level expres- 
sion of the dhaT gene, pRD17 was used to transform £ coli 




BamKLHmcTL 



T 



i — T 



781 1.162 1,491 



2449 2,643 2^916 



Hindm 

h^T7 promoter 



FIG. 2. Restriction map of the insert of pRDl 7. The open box represents the insert from C Jrruiutii, and the black boxes represent die cloning vector pBluescript 
SK+. The location of the dka T gene is indicated by the shaded arrow, and the orientation of die 17 promoter on pBluescript SK+ b indicated by the black arrow. The 
lixe coordinates (in base pairs) of the restriction sites and the dhaT gene on the insert are shown below die open box 
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-180 TTGCAGCTCACCAATCAACAACGAATTGT^ 

- 9 0 AGTGGCGGTACCGTCGAACAAGACAGATTATTAGCAGAAACC GCATTG 

• * • • . • • • • . 

1 ATGA.GCTATCGTATGTTTGATT AC CTGGTGCCAAATGTGAACl'l^ri'lX^GCCCCAATGCTAT^rrC CGTGGTCGGC GAAC GCTGC AAACTG 

10 20 " 30 

» ■* • • • • • • . 

91 TTGGGCGGTAAAAAAGCGCTGCTCGTCACTGATAAAG^ 

I*£2KfiA LLYTDKGLRAI KDGAV DK T I# T H LR 

40 SO 60 

181 GAAGCCGGTATTGA£X^TCGTGGTTTTTGACG 

E AGI DVVVFD'GVBPNPKO'TNVRDGLEVPRK 

70 80 90 

271 GAGCATTGCGACATCATCGTTACCGTTGGCGGCGGTAGCCQX^ 

EHCDIIVTVGG GS PHDCGKGXGIAATH EGD 

100 110 120 

361 CTCTACAGCTATGCCGGGATTGJ\AACCCTGACCAACC^ 

L Y S Y A G I BTLTMPLP P I V A V H T T A G T A S E V 

130 140 ISO 

451 ACCCGCXACTOCGTGCTGACCAATACCAAAACCAAA 

T R H C V L T M T K TX V K F V I V 5 W * R N L P SVS IND 

160 170 180 

S41 CCGCTGCTAATGCTCGGCAAGCCAGCCCCACT 

PLX.MLGKPAPLT AATG MOALTHAVEAYI SK 

190 200 210 

631 GATGCCAACCCGGTCACCGACGCTGCCGCTATCCAGGCGA 

DAMP VTDAAAIQAIRLIARNLRQAVALGSN 

220 230 240 



721 CTGAAAGCTCGCGAGAACATGGCCTACGCCTCCCTGCTGGCGGGTA^ 

LKAR ENHA YASLLAGMA PNNANLGYVHAMA 

250 260 270 

811 CATCAGCTTGGCGGTCTTTACGACATGCCGCACGGC 

HQL GCLYDMPHGVAHAVLLPHVARYNLIAN 

280 290 300 

901 CCGGAAAAATTTGCCGACATCGCAGAG 

PBK P A D I A EFMG ENTDGLSTHDAAELA I HA 

310 320 330 

991 ATTGCCCGCCTCTCCGCCGACATCGGTATra 

IARL SADIGXPQHLRDIrGVKBAOFPYHAEH 

340 350 360 

1081 GCACTGAAGGACGGCAACGCCTTCTCCAACCCACGCAAAGGG^ 

A I* K D G N A F SNPRKGNE-KEIAB I P R Q A P END 

370 380 

1171 AGGGGGCGCA 

FIG. 3. Nucleotide sequence and Emulation of the dhaT gene. Only one strand is shown. The gene bu bees translated by using the one-fetter amino acid code: 
amino add symbols are written below the first nucleotide of the corresponding eodon. The putative riboeome-binding site is undertmed. The M-terminal amino acids 
of the punned 13-propanedioJ dehydrogenase determined by automated Edmao degradation are underlined. The differences between the mature and the deduced 
protein are marked by double linem. 



K38/pGPl-2, which contains on the plasmtd pGPl-2 bacterio- 
phage T7 RNA polymerase under control of the X p L promoter 
and the temperature-sensitive clSSl X repressor (35). Expres- 
sion of dhaT was induced by a shift in temperature from 30 to 
42°C induction of transformed £. coli cells carrying pGPl-2 



and pRD17 resulted in retarded growth, and sodium dodecyl 
sulfate-poryacrylamide gel electrophoresis showed expression 
of a 43,000-Da protein (data not shown). This is in excellent 
agreement with the molecular mass determined for one sub- 
unit of the purified 1,3-propanediol dehydrogenase. A specific 



BNSDOCID: <XP 579775A_I_: 



Vol 177, 1995 



ANAEROBIC GLYCEROL UTILIZATION BY C FREUNDII 2155 



Organ tun 



TABLE 3. Homology between the dhaT $cnc product and other type HJ alcohol dehydrogenases* 



Protein 



Identity (%) 



Similarity (%) 



Sue (aa)> 



Reference 



Z mobilis 

B. mcthanoticus 
Ecoli 

5. catvisiae 

C. acetobutylicum 
E. coti 

C acelobulylicum 
C acetobutylicum 
C acaobuiyiicum 
C khiyvcri 
C freundii 



Adh2 

Mdh 

FucO 

Adh4 

Adhl 

AdhE 

AdhE 

BdhB 

BdhA 

4Hbd 

DhaT 



48-5 
47.5 
44.2 
44.0 
44.0 
36.4 
35J 
28.8 
28.6 
2H2 
100.0 



67.8 
68.2 
65.0 
65 J 
65.3 
57.1 
57.4 
51.1 
51J 
50.0 
100.0 



382 
382 
383 
382 
388 
891 
862 
390 
389 
371 
387 



7 

10 

6 

44 

46 

15 

12 

42 

42 

33 

This study 



rf.h^^n (pC T C °^? a °JL P ?? OT ,dcDlilicS ^ *Jnifl*rities) of the dWgene product with alcohol dehydrogenase (Adh2) of Z mobilis, methanol 

U-propanediol dehydrogenase (FucO) of £ cofi, alcohol dehydrogenase (Adb4)of i dirn^, alcohol dehydrogenase 
£2fai^ — aDd C *• buund dehydrogenase isoenzymes (BdhB and BdhA)?f C 

ffrrtofci/^cum. 4-hydrmybutyrBte dehydrogenase (4Hbd) of C khyvrri. and l>procancdio4 debydrogenase (DhaT) of C *rW« arc sbou^ 
a*>" amino acids. 



activity of 5.8 U/mg was measured in cell extracts of induced £ 
coii. This is a 274-fold overproduction in comparison to the 
activity in cell extracts of uninduced £ coli ceils and a 7-fold 
overproduction in comparison to that in ceD extracts of C freundii 
grown in the same medium. The 13-propanedtol dehydrogenase 
activity in cell extracts of induced £ coB was strictly dependent on 
anaerobic conditions and the addition of Fc 2+ . 

DISCUSSION 

l^Propanedio! dehydrogenases have been purified from 
Lactobacillus amis, Lactobacillus buchneri, Lactobacillus re- 
uteri, and K pneumoniae (19, 36, 41). Molecular masses re- 
ported for the native enzyme axe 180,000 Da for the L reuteri 
enzyme and around 350,000 Da for the other three enzymes. 
The molecular mass of the subunit varied between 41,000 and 
46,000 Da. The data for the 1,3-propanediol dehydrogenase of 
C freundii as determined during purification correspond to 
those for A! pneumoniae, L. brevis, and L buchneru Since the 
gene encoding this enzyme has been cloned and sequenced, 
more-precise figures can now be given for the dehydrogenase 
of C freundu. The dhaT gene (1,164 bp) codes for 387 amino 
acids, the starting methionine is lacking as is apparent from the 
sequence of the N terminus, and a molecular mass for the 
subunit of 41,324 Da can be calculated. Under the assumption 
that the debydrogenase is an octamer, the molecular mass 
would be 330,592 Da, not taking into account a metal ion 
content 



The L. reuteri enzyme was reported to require .potassium 
ions for activity; aU of the other propanediol dehydrogenases 
are activated by manganese and ferrous ions. The" C freundii 
dehydrogenase (and also the overproduced enzyme of the re- 
combinant £ coli strain) is preferentially activated by Fe 2 *, 
which also may provide a reactive center for the generation of 
oxygen radicals involved in destruction of this enzyme under 
aerobic conditions (14). The apparent K„, value for the sub- 
strate 3-bydroxypropionaldehyde was determined only for the 
L. reuteri enzyme (7.8 mM). We found a value of 140 >iM for 
this substrate in C freundii. This low value may prevent any 
deleterious effects of 3-hydroxypropionaldehyde, which is very 
reactive. Such effects were observed in cultures of L. reuteri 
(37,38). 

Sequence homology studies showed that the C freundii 1,3- 
propanediol dehydrogenase belongs to a novel family of alco- 
hol dehydrogenases, which includes Adh2 of Z. mobilis, Adh4 
of Saccharomyces cerevisiae, Mdh of Bacillus methanolicus CI, 
4Hbd of Clostridium khiyvcri, FucO and AdhE of £ coli, and 
Adhl, BdhA, BdhB, and AdhE of Clostridium acetobutylicum. 
This group of enzymes, type III alcohol dehydrogenases, is 
distinct from the horse liver-type alcohol dehydrogenase (type 
I) and the Drosophila-typc alcohol dehydrogenase (type II). 

The subunit size of tie type III enzymes is approximately 
40,000 Da, except for the multifunctional AdhE of £ coli, 
which is a 96,000-Da protein of 891 residues (15), and a similar 
enzyme from C acetobutylicum that contains 862 residues (12). 



Consensus 

C- freund. 
Z. mob. 
S. cerev. 
E. coli 
C. ace tab. 
C. kluyv. 

B. coli 

C. acetoJb. 

B. me than. 

C. ace t oh. 
C. acetob. 
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, ™- i: " ^ gPglc1ir °f, t f* LP""*? <* different alcohol dehydrogenases containing the putaxrvc iron-binding motif proposed as a typical feature 

F^^J^ ^ ^TTZ! ^ M bdicitc «™ modf P««*** by Bairoeh (1). For protein designations, see Tabic 3^ootnote a. 
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It has been suggested that these enzymes represent the evolu- 
tionary fusion of a typical type ID alcohol dehydrogenase and 
an aldehyde dehydrogenase (5). Although type TU alcohol dehy- 
drogenases require the presence of NAD(H) or NADP(H) as a 
coenzyme, the highly conserved G-X-G-X-X-G or G-X-43-X-X-A 
nflgcrprint pattern for NAD(H) or NADP(H) binding (30, 43) 
has been ruily retained only in the R coli FucO sequence. 

Bairoch (1) proposed a putative iron-binding motif fG-X- 
X-H-X-X-A-H-X-X-G-X-X-X-X-X-P-H<5) as a fingerprint 
pattern for type III alcohol dehydrogenases, and it is apparent 
from Fig. 4 that the proposed motif is more or less conserved 
among these enzymes. However, it is fully conserved in all 
reported iron-dependent type III alcohol dehydrogenases (i.e., 
Adh2 from Z. mobilis and AdhE and FucO from EL coli), 
including the dhaT gene product of C frtundii. 
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Abstract 

When grown on glycerol as sole carbon and energy source, cell extracts of Clostridium pasteurianum exhibited activities of 
glycerol dehydrogenase, dihydroxyacetone kinase, glycerol dehydratase and 1,3-propanediol dehydrogenase. The genes 
encoding the latter two enzymes were cloned by colony hybridization using the dhaT gene of Citrobacter freundii as a 
heterologous DNA probe and expressed in Escherichia coli. The native molecular mass of 1,3-propanediol dehydrogenase 
(DhaT) is 440000 Da. The dhaT gene of C pasteurianum was subcloned and its nucleotide sequence (1 158 bp) was determined. 
The deduced gene product (41 776 Da) revealed high similarity to DhaT of C. freundii (80.5% identity; 89.8% similarity). 

Keywords: Clostridium pasteurianum; 1,3 -Propanediol dehydrogenase; 1,3-PropanedioI; Glycerol fermentation; 
Type III alcohol dehydrogenase; Glycerol dehydratase 
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1. Introduction 

It has been known for about 60 years that glycerol 
is fermented by facultatively anaerobic bacteria to 
1,3-propanediol, ethanol, 2,3-butanediol, acetic and 
lactic acids. Of these substances 1,3-propanediol is of 
industrial interest as a monomer for light-insensitive 
plastics, and some strains indeed form this diol as 
the main product. Suitable production organisms be- 
long to the enterobacterial genera Klebsiella and Ci- 
trobacter [1]. Recently, it has been shown that some 
clostridial species also convert glycerol to 1,3-pro- 
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panediol [2]. The fermentation pattern is different in 
that the Clostridia form butyric acid as a by-product. 
Some strains of Clostridium pasteurianum produce 
considerable amounts of butanol and ethanol in ad- 
dition [3]. 

The key enzymes and the corresponding genes for 
glycerol fermentation have been identified and char- 
acterized only in Citrobacter freundii and Klebsiella 
pneumoniae [4,5]. In the absence of an external oxi- 
dant, glycerol is consumed. by a dismutation process 
involving two pathways. Through one pathway glyc- 
erol is dehydrogenated by an NAD + -linked glycerol 
dehydrogenase (DhaD) to dihydroxyacetone. This 
product is then phosphorylated by dihydroxyacetone 
kinase (DhaK) and funnelled to the central metabo- 
lism [6]. Through the other pathway glycerol is de- 
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hydrated by coenzyme B 12 -dependent glycerol dehy- 
dratase (DhaB, DhaC, DhaE) to form 3-hydroxy- 
propionaldehyde, which is reduced to the major fer- 
mentation product 1,3-propanediol by the NADH- 
linked 1,3-propanediol dehydrogenase (DhaT), 
thereby regenerating NAD + [7,8]. The four key en- 
zymes of this pathway are encoded by the dha reg- 
ulon, the expression of which is induced when dihy- 
droxyacetone or glycerol is present. Recently, we 
have cloned and expressed the entire dha regulon 
of C. freundii in Escherichia coli [5]. The genes en- 
coding the four key enzymes and the corresponding 
gene products have been sequenced and purified 
[6-8]. In contrast to the 1,3-propanediol-forming en- 
teric bacteria only little is known about the enzymes 
responsible for glycerol breakdown by Clostridia. The 
activity of glycerol dehydrogenase, glycerol dehy- 
dratase and 1,3-propanediol dehydrogenase has 
been determined in crude extracts of G butyricum 
[9] and the latter activity in C pasteurianum [2]. To 
our knowledge, the genes encoding key enzymes in- 
volved in glycerol conversion to 1,3-propanediol by 
Clostridia have not been identified and sequenced. 

In this report, we describe the cloning and ex- 
pression in E. coli of the genes encoding glycerol 
dehydratase and 1,3-propanediol dehydrogenase of 
C. pasteurianum and the sequence of the dhaT gene. 

2. Materials and methods 

2. /. Bacteria! strains and vectors 

G pasteurianum DSM 525 and C. freundii DSM 
30040 were obtained from the Deutsche Sammlung 
von Mikroorganismen und Zellkulturen GmbH 
(Braunschweig, Germany). .E coli ECL707 [4] and 
DH5a [10] were used as hosts, and the cosmid 
pWE15 and the plasmid pBluescript SK + (Strata- 
gene GmbH, Heidelberg, Germany) were employed 
as the vectors for cloning experiments. 

2.2. Media and growth conditions 

G pasteurianum was grown in a minimal medium 
according to Kell et al. [1 1] with 100 mM glycerol as 
carbon source and C freundii as described previously 
[5]. E coli was routinely cultivated at 30°C in LB 



medium [10], which was supplemented with ampicil- 
lin (100 jig ml" 1 ) when necessary. Recombinant E. 
coli strains used for expression of the genes involved 
in glycerol breakdown were grown as described pre- 
viously [6]. Fermentations were done in Hungate 
tubes or anaerobic flasks and media were gassed 
with N2 for 30 min before sterilization. A modified 
MacConkey agar (lactose was replaced by 70 mM 
glycerol) was used to identify glycerol-utilizing re- 
combinant E coli strains. 

2.3. Molecular procedures 

Chromosomal DNA from C pasteurianum was 
isolated applying the method of Marmur [12], parti- 
ally digested with EcoRl or HindlU, and ligated into 
the above mentioned vectors. Digestion with restric- 
tion endonuclease, ligation, packaging of DNA, 
transduction of cosmids, transformation of plasmids 
and isolation of recombinant vectors were done ac- 
cording to standard procedures [10]. Transductants 
were screened on MacConkey-glycerol-ampicillin 
agar for glycerol utilization, which was indicated 
by a red color of the colonies. 

The subcloning of genes involved in glycerol fer- 
mentation of C pasteurianum was performed in het- 
erologous hybridization studies using the dhaT gene 
of C freundii as a probe. As source for the isolation 
of this gene the recombinant cosmid pRDl was used, 
which harbors the entire dha regulon of C freundii 
[5]. Colony hybridization, Southern transfer of DNA 
fragments to nylon membranes and detection of 32 P- 
labelled probes were done according to Ausubel et 
al. [10]. DNA sequence was determined by the chain 
termination method of Sanger et al. [13]. The fidelity 
of the DNA sequence determined for the insert of 
pFL2 was confirmed by commercial sequencing 
(Seqlab, Gottingen, Germany). 

2.4. Preparation of cell extracts 

Cells of the stationary growth phase from 500 ml 
anaerobic cultures were harvested by centrifugation 
at 6000 Xg for 20 min, washed once with 100 mM 
potassium phosphate buffer (pH 8.0) and resus- 
pended in 2-3 ml of the same buffer. The cells 
were disrupted by French pressing (1.38 x10 s Pa) 
and the- extract was cleared by centrifugation at 
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Fig. 1 . Nondcnaturing polyacrylamide gel electrophoresis and ac- 
tivity staining of 1,3-propanediol dehydrogenase. The crude ex- 
tracts were subjected to electrophoresis under nondcnaturating 
conditions on polyacrylamide gradient slab gels (4-28%), The 
protein bands were stained as described in Section 2. Lanes: 1, 
molecular mass markers; 2, crude extract of C freundii; 3, crude 
extract of C. pasteurianum; 4, crude extract of K coll ECL707/ 
pFLl. 



32000Xg for 35 min at 4°C. All steps were done 
under anaerobic conditions. 

2.5. Enzyme assays 

Glycerol dehydrogenase was assayed by the meth- 
od of Ruch et al. [14] and dihydroxyacetone kinase 
by the method of Johnson et al. [15], Glycerol dehy- 
dratase was estimated by the 3-methyl-2-benzothia- 
zolinone hydrazone method [16] in 1 min assays with 
glycerol as substrate. The activity of 1,3-propanediol 
dehydrogenase was determined as described previ- 
ously [7]. Protein concentrations were measured by 
the method of Bradford [17] with bovine serum al- 
bumin as standard. All enzyme activities are ex- 



pressed in ujnol min 1 mg protein 



2.6. Determination of molecular mass 

Electrophoresis under nondenaturing conditions 
was carried out on polyacrylamide gradient slab 
gels (4-28%) at 4°C in Tris-glycine buffer (pH 8.3) 
by the method of Andersson et al. [18]. Activity 
staining of 1,3-propanediol dehydrogenase was per- 
formed as described by Boenigk [19]. For calculation 
of the native molecular mass, a commercial high-mo- 
lecular-mass calibration kit of standard proteins was 
used. 



3. Results and discussion 

When grown in minimal medium with 100 mM 
glycerol as the energy and carbon source in batch 
culture, C. pasteurianum formed 1,3-propanediol, bu- 
tanol and ethanol as the major fermentation prod- 
ucts (data not shown). The four key enzymes, which 
are known to be responsible for the conversion of 
glycerol to 1,3-propanediol in enteric bacteria, could 
be detected. The specific activities determined for 
glycerol dehydrogenase, dihydroxyacetone kinase, 
glycerol dehydratase and 1,3-propanediol dehydro- 
genase in cell extracts of C pasteurianum were 4.5, 
0.1, 2.2 and 1.7 U mg -1 , respectively. These activities 
were in the same range as in cell extracts of C. freun- 
dii and E. coll ECL707/pRDl, which harbors the 
entire dha regulon of C freundii (Table 1). This re- 
sult indicated that C. pasteurianum ferments glycerol 
like the 1,3-propanediol-forming enteric bacteria by 
a dismutation process. This is in accordance with the 
pathway postulated for the glycerol fermentation of 
C pasteurianum by Dabrock et al. [3]. 

A genomic library of C. pasteurianum was pre- 



. Table 1 



Organism 


Specific activity (ujnol min 


_1 mg protein" 1 ) 






Glycerol dehydrogenase 


Dihydroxyacetone kinase 


Glycerol dehydratase 


1,3 -Propanediol dehydrogenase 


C. pasteurianum 


4.5 


0.10 


2.2 


17 


C. freundii 


4.3 


0.09 


l.l 


0.9 


£ coti ECL707/pRDl 


5.4 


0.12 


1.5 


0.8 


£ coli ECL707 


<0.01 


<0.01 


_ h 


<0.1 


E. coli ECL707/pFLl 


. <0.01 


<0.01 


1.4 


1.2 



"Cultures were grown at 30°C and cell extracts were prepared as described in Section 2. 
''No detectable enzyme activity. 
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Fig. 2. A: Restriction map and genetic organization of the sequenced chromosomal DNA region from C. pasteurianum. Arrows and ar- 
rowheads represent length, location and orientation of potential genes. The location of genomic C. pasteurianum inserts in recombinant 
plasmids used for sequencing is given below the restriction map. B: Genetic organization of the homologous DNA region from C freun- 
dii. 



pared for cloning of the genes involved in glycerol 
breakdown. Chromosomal DNA was partially di- 
gested with EcoRl or ///ndlll, and ligated into the 
cosmid pWE15, which had been linearized with the 
corresponding enzymes. Ligated DNA was packed in 
vitro into the bacteriophage X and transduced into 
the glycerol minus mutant, K coli ECL707. Approx- 
imately 2800 recombinant & coli strains with an 
average insert size of 15 kb were screened on Mac- 
Conkey-glycerol-ampicillin agar for glycerol utiliza- 
tion. None of these clones had the ability to consume 
glycerol This was surprising because this method 
had been successfully applied for cloning of the en- 
tire dha reguion from C. freundii [5], Alternatively, 
the identification of the desired clones in the genomic 
library was done by colony hybridization using the 
dhaT gene of C. freundii as a heterologous DNA 
probe (data not shown). In this way one clone (£". 



coli ECL707/pFLl) exhibiting glycerol dehydratase 
and 1,3-propanedio! dehydrogenase activity was ob- 
tained. The recorded specific activities of 1 .4 and 1 .2 
U mg -1 , respectively, were slightly lower than in C. 
pasteurianum, but exceeded those of C. freundii (Ta- 
ble 1). Separation of crude extracts by gradient gel 
polyacrylamide electrophoresis under nondenaturing 
conditions and activity staining of 1,3-propanediol 
dehydrogenase gave a single band, corresponding 
to a native molecular mass of 440000 Da (Fig. 1). 
The 1,3-propanediol dehydrogenase produced in K 
coli ECL707/pFLl was indistinguishable from the C. 
pasteurianum enzyme with respect to the molecular 
mass (Fig. 1, lanes 3 and 4). Thus, the genes encod- 
ing the reductive branch of glycerol fermentation by 
C pasteurianum were cloned in E. coli ECL707/ 
pFLl . The recombinant cosmid recovered from this 
strain was designated pFLl and contained a 13.5-kb 



Fig. 3. Nucleotide sequence of the cloned region. Only one strand is shown. The gene encoding 1,3-propanediol dehydrogenase {dhaT) 
and the putative genes or/W, orfX and orfY have been translated using the one-letter amino acid code; amino acid symbols are written 
below the first nucleotide of the corresponding codon. Potential ribosome binding sites (SD) and putative a ro -dependent promoters are 
underlined. The putative secondary structure is marked by open arrows indicating the length and orientation of the stem. The sequence 
has been submitted in full length to Gen Bank under accession number AF006034. 
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1 GAATTCCAAGTTAGAAGTTGGTATAGGTATTGGAACAGATAATATAATAGTCATTCATTA 60 
N S K L EVG I G I G T DN I I V I H Y 
orfX — ► 

6 1 TTCAAAATTAACTTTAAATAATCCATTATTTAAAGTTAAAATAACAGATACCAAAAAGAA 12 0 
SKLTLNNPLFKVKIT DTKKN 

121 T ATT AG ATTCATTGGGGCC AATGC TGCTAG ATT AGT AAAGAAAAATC C C TTT AAAAAC AT 180 
I R F I G A N A A R L.V K K N P F K N M 

181 GGATTT<IATGTATTAGGTGGTGAAGAAGTATGAGTATATATACTAGAAGTGGTC 

D FMY* SD M S IYTRSGD KG 

orfW 

241 GAGAAACTGGTT^ATTTGGAGGAAGCAGAATTAATAAAGATGATTTAAGAGTA 

ET G L F G G S R I N K DD L RV EC Y 

301 ATGIIATGTTTAGATGAAGCAAATTCCTTTATAGGTCT 360 
GCLDEANSFIGLAYSL.IKSK 

361 AAGATATAAAGATTATCTTAAGAAATATTCAGAATAAAATTTTTATAGCAGGGGCAGAGC 420 
DI KI I L R N I Q N K I F I A G A E L 

421 TTGCCAGTGATGAAAAGGGAAAAGCCTATCTAAAAGATACAATATC^ 480 
ASDEKG KAYLKDTISQGDI E 

481 AAGAATTGGAAAAGATTATAGATAGATATACAGAAATTGTGGGACCTCAAAAA^ 540 
EL EK I I DRYT.E IVG PQ K S F V 

541 TTATTCCAGGTGATACAATTTCATCAGCATCATTAC^ 600 
IPGDT ISSASLHVSRTVVRR 

601 GATCAGAAAGATTAATGGTXX3CCTTAAAAAGCAAATTAAAAGTTAGAAAAGAGTTGTATA 660 
SERLM VALKS KLKVRKELYK 

661 AATATATAAATAGATTATCAGATGl»ri H I^l"lTATACTTGCAAGAGTAGAAGCAGAAACAA 720 
Y I NRLS DV L F I.LARVEAETN 

721 ATAGAAGTTAGAAAG£A^TATATCATGGCAATAAAAATAAATGATTTT^ 780 
R S * SD MAIKIND.FKQIS 

or£T » 

781 CTTAGAAACAGTTAAAGAAATGTGTAAGGCTGCAGAAGAAAAAGCTAAAAGTATAAGTAT 840 
LETVKEMCKAAEEKAKSISI 

841 TTCAATAGTTTTTT^GCGGTGGATGCrr^ 900 
S I VF SAVDAGGNLMLLTRME 

901 AAATGCATTTATAAGCAGTATAGATATAGCn^CAATAAAGCTTT^ 960 
N A F I SSIDIAANKAFTAL AL 

961 AAAACAAGGAACTCATGAAGTAACTCCAGTAATACAAC^^ 1020 
KQGT H E VT PVI Q PGAS LYGL 

1021 ACAATTGACAAATAATTCTAGAATTTCAACCTTTG 1080 
Q L TNNC .R I STFGGG L P I I VD 

1081 TGATCAAGTAGTAGGT^C^TTGGAGTAAGT<MGGGAACTGT 1140 
DQVVGA IGV5-GGTVB_E D M S I 

1141 TGCTAAATATCCATTAGATTCAATAAATGATGTTTA^ 1200 
A K YA L D S I NDV * -35 

1201 TATAAT/ITOAATTTCT AGGAGGA ATTATAAAATGAGAATCT 1260 
-10 SD MRM YDFLAPN 

dhtkT — ► 

1261 TCTAAACTTTATGGGAGCAGGTGCAATAAAATTAGTGGGAGAAAGATG 1320 
VNFMGAG AIKL VGERCKILG 



(Continued overleaf). 
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1321 CGGAAAGAAAGCTTTAATAGTTACAGATAAATTCTTGAGAAATATGGAAGATGGAGCTGT 1380 
G K K A L IVTDK F LRNM EDGAV 

1381 AGCTCAMCGGTTAAATATATTAAAGAAGCAGGAATAGATGTTGCTTTTTATGATGATGT 1440 
A.Q T V K Y I K E A G I D VA F Y D DV 

1441 AGAGCCTAATCCTAAGGATACTAATGTTAGAGATGGATTAAAAGTATATAGAAAAGAAAA 1500 
E P N P KDTNV R DG L KVY R K E N 

1501 CTGTGATTTAATAGTTACTGTAGGAGGAGGAAGTTCTCATGACTGTGGAAAGGGAATAGG 1560 
CDLIVTVG G GSSHDCGKGIG 

1561 TATTGCAGCTACACACGAGGGAGATCTTTATGACTATGCTGGTATAGAAACCCTTACTAA 1620 
I A A T H E G D L.Y D Y A G I E T L T N 

1621 TCCATTGCCTCCGATAGTAGCTGTAAATACAACAGCTGGAACAGGCAGCGAGGTTACTCG 1680 
P L P P IVAVNTTAGTGS EVTR 

1681 TCArTCTGTTATCACAAACACAAAAACAAAGATTAAATTTGTTATTGTAAGCTGGAGAAA 1740 
HCVI TNTKTKIKFVI VSW RN 

1741 TCTGC CGTT AGTATC C ATT AATGATCCAAT AC1T ATG ATTAAAAAGCCTGCAGG ATTAAC 1800 
L P L V S INDP I L M IKK.PAGLT 

1801 AGCAGCTACAGGAATGGATGCCTTAACTCATGCCATAGAGTCCTATGTTTCTAAAGATGC 1860 
AATGM D ALTHAIESYVSKDA 

1861 AAACCCAGTAACAGATGCCTTAGCTATACAAGCAATAAAATTAATAGCTAACAATCTGCG 1920 
N P V T DAL A I Q A I K L I ANN L R 

1921 TCAGGCAGTAGCCCTTGGAGAAAATCTGGAAGCTAGAGAAAATATGGCCTACGCATCACT 1980 
QAVAL GENL E ARENMAYASL 

1981 TCTGGCAGGAATGGCATTTAATAATGCAAATTTAGGATATGTACATGCTATGGCACATCA 2040 
L AG M A FNNAN LGYVHAMAH.Q 

2041 ATTAGGAGGCCTGTATGATATGGCACATGGTOTTGCCAATGCCATGTTATTACCACATC 2100 
LGGLYDMAHGVANAMLLP HV 

2101 AGAACGCTATAATCTTATATCAAATCCTAAGAAATTTGCAGATATAGCAG 2160 
E R Y N L I S N P K KFAD I A E F MG 

2161 AGAGAATATTGAAGGACTTTCAGTAATGGAAGCAGCAGAAAAAGCTATAGATGCTATGTT 2220 
EN I EGLSVMEAAEKAI DAMF 

2221 TAGACTTTCAAAGGATGTTGGGATACCAGCAAGTCTTAAAGAAATGGGAGT^ 2280 
R L S K DVG I P A S LKEMGVN EG 

2281 AGATTTTGAATATATGGCAAAAATGGCATTCAAAGATGGAAATGCA 2340 
DFEYMAKMALK D GN AF SNPR 

2341 AAAAGGTAATGAAAAAGATATAGTTAAAATATTTAGAGAAGCATTTTAATTGTAATCTTT 2400 
1CG NE KDIVKI FR E AF* 

»»»>»»» »» «« «««« 
2401 CATATAATAAGTATTCCTTAGAAATATAAATATATCCTCGATAAGTTTATCAAGGATATA 2460 

««< _ -■ 

2461 TTTATTAAACATTTATAAAAAGCATGAAGGGAAGAAGTACATAGAACAATTTATAAGTGA 2520 
2521 AATTTTAGAGGGTTACATTTCAATACTGCAGTAGCACCTATTTGTGGA 2580 
2581 GTATTATTGTATAAAGTTATATTTTAATACCATAATGTGTTGTATGGATTTTAATT 2640 
2641 TTATOTATGATTAAAAATATAGTAGAAATATTATGTTTAAATACCTATATAGGAGATCCC 2700 
2701 TCATGTATAAAATATTATTAGTTGATGACGAAAATTTAGAAAGAGAAGCCTTC 2760 
2761 TGTTAAAAAAACATTAAAGATGAAATAGAAGTTGTAGCCGAA 2820 
2821 GCTATAGAG£TTGATGAAAAATTAGATCCCTTTA 2880 
2881 C 



Fig. 3 {Continued). 
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Fig. 4. Amino acid alignment of the protein regions of different alcohol dehydrogenases containing the putative iron-binding motif pro- 
posed as a typical feature of class III alcohol dehydrogenases. Shaded amino acids indicate the core motif postulated by Bairoch [21]. 
The consensus of the putative iron-binding motif was compared with 1,3-propanediol dehydrogenase (DhaT) of C. freundii [7], alcohol de- 
hydrogenase (Adh2) of Z. mobilis [28], alcohol dehydrogenase (Adh4) of S. cerevisiae [26], 1,2-propanediol dehydrogenase (FucO) of K 
coli [23] t alcohol dehydrogenase (Adhl) of C. acetobutylicvm [29], ethanolamine utilization protein (EutG) of S. typhimurium [25], 1,3-pro- 
panediol dehydrogenase of C pasteurianum (DhaT), 4-hydroxybutyrate dehydrogenase (4Hbd) of C. kluyveri [30], alcohol dehydrogenase 
(AdhE) of E. coli and C. acetobutylicum [31,32], methanol dehydrogenase (Mdh) of Bacillus methanolicus CI [33], and the two butanol de- 
hydrogenase isoenzymes (BdhB and BdhA) of C acetobutylicum [34]. 



insert of C. pasteurianum genomic DNA. To sub- 
clone the dliaT gene encoding 1,3-propanediol dehy- 
drogenase, pFLl was digested with EcoRl and the 
fragments were ligated into pBluescript SK + . Colony 
hybridization with the DNA probe from C freundii 
(see above) revealed that the complete dhaT gene of 
C pasteurianum was located on two recombinant E. 
coli strains with different inserts, one containing a 
2155-bp and the other a 732-bp EcoRl fragment of 
genomic C pasteurianum DNA. The plasmids iso- 
lated from these strains were designated pFL2 and 
pFL4, respectively. The origin and the neighborhood 
on the chromosome of both cloned EcoRl fragments 
was established by Southern blot analysis (data not 
shown). 

The inserts of pFL2 and pFL4 were sequenced in 
both directions. The restriction map and the appar- 
ent gene organization are shown in Fig. 2A, and the 
sequence of the combined EcoRl fragments from 
pFL2 and pFL4 (2881 bp) is given in Fig. 3. Four 
successive potential genes were identified within the 
sequence. One gene is located at the end of the 
cloned DNA and is hence incomplete. All presump- 
tive genes except the incomplete one were preceded 
by a potential ribosome-binding site, appropriately 
spaced from the start codon (Fig. 3). The deduced 
amino acid sequences of the four open reading 
frames showed high similarity to OrfW, OrfX, 



OrfY and DhaT, which are part of the dha regulon 
of C freundii [6-8], The C. pasteurianum genes were 
designated accordingly. 

The dhaT gene (1158 bp) of C. pasteurianum en- 
codes 385 amino acids with a predicted molecular 
mass of 41 776 Da. The dhaT gene is terminated by 
a single stop codon (U A A). A sequence that could 
represent a transcriptional terminator (a punctated 
palindrome that could form a stem-loop structure 
in an RNA transcript) follows approximately 36 nu- 
cleotides downstream from the stop codon (Fig. 3). 
A conserved sequence for a 70 -dependent promoters 
is located upstream of the dhaT gene in positions 
1178-1206 (Fig. 3). 

The amino acid sequence deduced from dhaT of C 
pasteurianum was compared with deduced amino 
acid sequences from alcohol dehydrogenases avail- 
able in the NCBI databases. The highest similarity 
(80.5% identity and 89.8% similarity) was obtained 
to the 1,3-propanediol dehydrogenase of C freundii, 
which is a member of a novel family of alcohol de- 
hydrogenases (type III). This high amino acid se- 
quence identity corresponded well with the similar 
native molecular mass of both enzymes observed 
during nondenaturing electrophoresis (Fig. 1). The 
1,3-propanediol dehydrogenase of C freundii is a 
decamer of a polypeptide of 43 400 Da under these 
conditions [19]. The predicted molecular mass of the 
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dhaT gene product (41776 Da) and the estimated 
native molecular mass (440000 Da) suggest the 
same subunit composition for 1,3-propanediol dehy- 
drogenase of G pasteurianum. 

The family of type III alcohol dehydrogenases is 
very heterogeneous and distinct from the long-chain 
zinc-containing (type I) or short-chain zinc-lacking 
(type II) enzymes [20]. The other members of type 
III alcohol dehydrogenases, including e.g. Adh2 of 
Zymomonas mobilis and FucO of K coli (for other 
enzymes, see Fig. 4), exhibited 28.3-51.6% identity 
(51.1-70.8% similarity) to 1,3-propanediol dehydro- 
genase from G pasteurianum. No significant similar- 
ities between 1,3-propanediol dehydrogenase and 
type I and type II alcohol dehydrogenases were 
found. 

Bairoch [21] proposed a more or less conserved 
putative iron-binding motif (G-X-X-H-X-X-A-H-X- 
X-G-X-X-X-X-X-P-H-G) as a fingerprint pattern for 
type III alcohol dehydrogenases (Fig. 4). It is fully 
conserved in all reported iron-dependent enzymes 
(DhaT from G freundii [7], Adh2 from Z. mobilis 
[22], FucO and AdhE from E. coli [23,24]), in 
EutG from Salmonella typhimurium with unknown 
ion requirement [25] and in Adh4 from Saccharomy- 
ces cerevisiae, which requires Zn 2+ for its catalytic 
activity [26], The dhaT gene product showed the 
iron-binding motif (amino acids 262-280), except 
that the conserved proline in position 278 was re- 
placed by alanine (Fig. 4). The ion requirement of 
the enzyme has not been determined but iron limi- 
tation during growth on glycerol favors the forma- 
tion of 1,3-propanediol and reduces the production 
of the other solvents butanol and ethanol [3]. This 
makes an iron-dependent 1,3-propanediol dehydro- 
genase unlikely. 

1,3-Propanediol dehydrogenase requires NAD(H) 
as a cofactor, but the highly conserved NAD(H) 
binding fingerprint pattern G-X-G-X-X-G [27] was 
not present in the amino acid sequence. This is also 
characteristic of most type III alcohol dehydrogen- 
ases. 

The deduced products of the remaining three pre- 
sumptive genes, orfY, orfW and the incomplete orfX, 
exhibited 31.5-53.8% identity (45.9-69.9% similarity) 
to the corresponding homologous gene products en- 
coded by the dha regulon of C freundiL In compar- 
ison to this organism the sequenced genes of G pas- 



teurianum showed a different organization; orfX, 
orfW t orfY were all located upstream of the dhaT 
gene (Fig. 2). 
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The dha regulon in Klebsiella pneumoniae enables the organism to grow anaerobicaliy on glycerol and 
produce 1,3-propanediol (1,3-PD). Escherichia coli, which does not have a dha system, is unable to grow 
anaerobicaliy on glycerol without an exogenous electron acceptor and does not produce 1,3-PD. A genomic 
library of K. pneumoniae ATCC 25955 constructed in E, coli AG1 was enriched for the ability to grow 
anaerobicaliy on glycerol and dihydroxyacetone and was screened for the production of 1,3-PD. The cosmid 
pTCl (42.5 kb total with an 18.2-kb major insert) was isolated from a 1,3-PD-producing strain of E. coli and 
found to possess enzymatic activities associated with four genes of the dha regulon: glycerol dehydratase 
(dhaB)y 1,3-PD oxidoreductase {dhaT), glycerol dehydrogenase (dhaD) 9 and dihydroxyacetone kinase (dhaK). 
All four activities were inducible by the presence of glycerol. When E. coli AGl/pTCl was grown on complex 
medium plus glycerol, the yield of 1,3-PD from glycerol was 0.46 mol/mol. The major fermentation by-products 
were formate, acetate, and o-lactate. 1,3-PD is an intermediate in organic synthesis and polymer production. 
The 1,3-PD fermentation provides a useful model system for studying the interaction of a biochemical pathway 
in a foreign host and for developing strategies for metabolic pathway engineering. 



Metabolic pathway engineering (MPE, also metabolic 
engineering), the modification, design, and construction of 
biochemical pathways, is an emerging discipline of potential 
importance to the chemical, biochemical, food, and environ- 
mental industries. MacQuitty (19) has called MPE the fourth 
wave of biotechnology following classical fermentation, 
recombinant DNA technology, and protein engineering. 
Recent progress in MPE has been reviewed by Bailey (2). 

We have selected the conversion of glycerol to 1,3- 
propanediol (1,3-PD) as a model system for the study of 
MPE. Our reasons are as follows, (i) The pathway is 
relatively simple, consisting of only two enzymes, a dehy- 
dratase (glycerol dehydratase [EC 4.2.1.30] or diol dehy- 
dratase [EC 4.2.1.28] and 1,3-PD oxidoreductase [EC 
1.1.1.202]); (ii) the pathway possesses features of a more 
complex metabolic network (e.g., the dehydratase is a 
multicomponent enzyme and requires coenzyme B 12 , and 
the 1,3-PD oxidoreductase requires NADH which must be 
regenerated by the host cell); (iii) a large body of fundamen- 
tal information is available on the 1,3-PD pathway in Kleb- 
siella pneumoniae (9, 24, 26); and (iv) 1,3-PD (also known as 
trimethylene glycol), is a useful chemical intermediate, e.g., 
in the synthesis of polyurethanes and polyesters (10, 21, 32). 
1,3-PD is currently derived from acrolein, a petroleum 
derivative, and is expensive to produce relative to other 
diols(6, 21). 

The 1,3-PD pathway has been studied primarily in K. 
pneumoniae. Glycerol is transported into the cell through 
the glycerol facilitor (16). The glycerol then is converted into 
3-hydroxypropionaldehyde by a coenzyme B l? -dependent 
dehydratase (22, 25, 28, 30). The 3-hydroxypropionaldehyde 
is reduced to 1,3-PD by an NADH-dependent 1,3-PD oxido- 
reductase (14). 1,3-PD is then excreted into the medium (8, 
14). 

The 1,3-PD pathway in K. pneumoniae is part of the dha 
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regulon. The dha regulon is induced by dihydroxyacetone 
(DHA) in the absence of an exogenous electron acceptor, 
such as oxygen, fumarate, or nitrate (8). The enzymes of the 
dha regulon that are not directly involved in 1,3-PD produc- 
tion convert glycerol to DHA by an NAD + -dependent 
glycerol dehydrogenase (13, 17) and then to dihydroxyace- 
tone phosphate by an ATP-dependent DHA kinase (12); the 
dihydroxyacetone phosphate is further metabolized to pro- 
vide carbon and energy for growth. The physiological reason 
for 1,3-PD formation is most likely to regenerate NAD + 
needed by the DHA branch of the dha regulon (9). Esche- 
richia coli does not have a dha regulon; consequently, £. coli 
cannot grow anaerobicaliy on glycerol or DHA without an 
exogenous electron acceptor such as nitrate or fumarate. 
Sprenger et al. (26) have cloned genes of the dha regulon in 
E. coli, but they did not detect dehydratase activity, and 
1,3-PD was not produced. 

In this report, we describe the construction of a cosmid 
containing genes from the K. pneumoniae ATCC 25955 dha 
regulon and the expression of these genes in E. colL The 
production of 1,3-PD from glycerol and DHA by the trans- 
formed E. coli is then reported. 

" MATERIALS AND METHODS 

Bacteria, cosmid, and enzymes. K. pneumoniae ATCC 
25955 was used as the source of the genomic DNA. E, coli 
AG1 (F" endAl hsdR17 [k„~, m k + ] supE44 thi-1 recAl 
gyrA96 relAl X") (Stratagene, La Jolla, Calif.) was used as 
the host strain for the genomic library. Cosmid pBTI-1 (20), 
obtained from Boehringer Mannheim Biochemicals (India- 
napolis, Ind.), was used as the vector for the genomic 
library. Restriction enzymes were from various sources. The 
in vitro packaging system was obtained from Promega (Mad- 
ison, Wis.), and calf intestinal alkaline phosphatase was 
obtained from Stratagene. 

Media and growth conditions. Anaerobic fermentations 
were done both in Hungate tubes (18) and in anaerobic flasks 
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(5) with 10 and 300 ml of liquid volume, respectively. Unless 
otherwise specified, growth experiments were done at 37°C 
with ST medium (Na 2 HP0 4 , 6 g/liter; KH 2 P0 4 , 3 g/liter; 
NH 4 C1, 1 g/liter; NaCi, 0.5 g/liter; MgS0 4 . 7H 2 0, 1 mM; 
thiamine, 0.5 mg/liter; coenzyme B X2 , 0.5 mg/liter; FeS0 4 . 
7H 2 0, 0.278 mg/liter; ZnCl 2 , 0.136 mg/liter; CaCI 2 . 2H 2 0, 
1.47 mg/liter; cysteine-HCi - H 2 0, 0.5 g/liter) or modified ST 
medium (the same as ST medium but with 2 g of NH 4 Ci per 
liter and 2 mM MgS0 4 • 7H 2 0) plus the appropriate carbon 
source(s). All fermentations also contained 50 (ig of ampi- 
cillin per ml to maintain the presence of the cosmid. Anaer- 
obic growth on agar plates was done in sealed jars under an 
H ? -C0 2 atmosphere (GasPak Anaerobic System; Becton 
Dickinson, Cockeysville, Md.). 

Construction of genomic library. K. pneumoniae genomic 
DNA (10 fjig) was partially digested with the restriction 
enzyme Sau3A for incubation times ranging from 15 to 60 
min. After incubation at 75°C for 15 min to inactivate the 
enzyme, 1 jxg of digested DNA was ligated with 400 ng of 
cosmid pBTI-1 which had been linearized by BamUl and 
dephosphorylated by calf intestinal alkaline phosphatase. 
Ligated DNA (5 pi) (25% of the total ligated DNA) was 
mixed with 15 of freshly thawed packaging mix and 
incubated at room temperature for 2 h. The packaged DNA 
was diluted with 150 \l\ of pH 7.4 bacteriophage buffer 
(NaCl, 100 mM; MgS0 4 . 7H 2 0, 10 mM; Tris buffer, 20 mM) 
and sterilized by adding 25 jxl of chloroform. Packaged DNA 
(10 nl) was mixed with 200 yA of exponential-phase E. coli 
AG1 grown in LB medium containing 2 g of maltose per liter 
and 10 mM MgS0 4 . After incubation at room temperature 
for 30 min to allow the phage to absorb and to inject its 
DNA, 0.7 ml of SOC medium (tryptone, 20 g/liter; yeast 
extract, 5 g/liter; NaCI, 10 mM; KC1, 5 mM; MgCl 2 , 20 mM; 
glucose, 20 mM) was added and the mixture was incubated 
at 37°C for 30 min. The infected E. coli were identified by 
growth on LB plates containing 50 jxg of ampicillin per ml. 
Cells were further tested for tetracycline resistance to check 
the background due to vectors with no inserts. None of the 
198 randomly selected ampicillin-resistant colonies that were 
tested still had tetracycline resistance. A primary genomic 
library with about 9,000 independent colonies was obtained. 

Isolation of cosmid pTCl. The genomic library was en- 
riched for glycerol- or DHA-utilizing clones by anaerobically 
incubating 4 ml of the primary library in 300 ml of ST 
medium plus 2 g of glycerol per liter and 2 g of DHA per liter. 
After the culture showed significant growth, cells from the 
enriched culture were diluted, mixed with ST medium plus 2 
g of glycerol per liter, 2 g of DHA per liter, 0.1% yeast 
extract, and 7 g of agar per liter, overlaid on plates contain- 
ing ST medium plus 2 g of glycerol per liter, 2 g of DHA per 
liter, 0.1% 2,3,5-triphenyltetrazolium chloride (PTPZ), and 
15 g of agar per liter, and incubated at 37°C in an anaerobic 
jar (in retrospect, the PTPZ indicator was not necessary, but 
it made detection of single colonies somewhat easier). Single 
colonies were picked and examined for the ability to grow on 
glycerol plus DHA and to produce 1,3-PD. The clone which 
produced the highest concentration of 1,3-PD was chosen as 
the source of recombinant cosmid pTCl. Cosmid pTCl was 
extracted and purified by following the protocol of Ausubel 
et al. (1) and transformed back to competent £. coli AG1 for 
long-term storage. The transformed E. coli AGl/pTCl was 
resistant to ampicillin and was able to grow and produce 
1,3-PD under anaerobic conditions on ST medium containing 
2 g of glycerol per liter and 2 g of DHA per liter. 

Southern hybridization. The protocol recommended by 
Amersham (Arlington Heights, 111.) for Hybond-N mem- 



branes was used. 32 P-labeied probes were synthesized from 
the 2.8-kb Hindlll-Pmll fragment of pTCl, using random 
primers and the Klenow fragment of E. coli DNA polymer- 
ase. Control probes were synthesized from the 2.1-kb 
EcoRhEcoBl fragment containing the rrsA gene of E. coli. 
The phage clones containing the rrsA gene were obtained 
from the laboratory of Fred R. Blattner, Department of 
Genetics, University of Wisconsin-Madison, and were cre- 
ated by Kohara et al. (15). 

Preparation of cell extracts. Cells from fermentation sam- 
ples were centrifuged at 6,000 x g for 15 min, washed twice 
with 20 mM Tris buffer (pH 8.0), and resuspended in the 
appropriate suspension buffer for the enzyme to be assayed. 
For dehydratase activity, the suspension buffer contained 50 
mM (NH^SO^ 10 mM 1,2-propanediol (1,2-PD), and 10 
mM potassium phosphate (pH 8.0). The 1,2-PD was added to 
stabilize the dehydratase (30). For 1,3-PD oxidoreductase, 
glycerol dehydrogenase, and DHA kinase, the suspension 
buffer contained 50 mM (NH^SC^ and 10 mM potassium 
phosphate (pH 8.0). The suspended cells were disrupted by 
sonication (Heat Systems-Ultrasonics, Farmingdale, N.Y.), 
and the cell debris was removed by centrifugation. The total 
protein concentration was estimated by the Coomassie bril- 
liant blue G-250 dye binding method (Bio-Rad Laboratories, 
Richmond, Calif.). The A 595 was compared with that of 
bovine serum albumin standards (Sigma Chemical Co., St. 
Louis, Mo.). 

Enzyme assays. The glycerol/diol dehydratase activity was 
estimated by the 3-methyl-2-benzothiazolinone method (31). 
Samples were taken 0, 2.0, 5.0, and 10.0 min. The amount of 
enzyme product (propionaldehyde) was determined by com- 
paring the A 30 5 to that of known standards of propionalde- 
hyde (Sigma). One unit of activity was defined as the 
formation of 1 ujnol of propionaldehyde per min. Diol 
dehydratase (EC 4.2.1.28) and glycerol dehydratase (EC 
4.2.1.30) were differentiated by the method of Forage and 
Foster (7). 

1,3-PD oxidoreductase activity was determined by the 
method of Johnson and Lin (14). Glycerol dehydrogenase 
activity was determined by the method of Ruch et al. (24). 
DHA kinase activity was determined by the method of 
Johnson et al. (12). All assays were done at 37°C. 

HPLC analysis. All fermentation samples were centrifuged 
and filtered through a 0.45-jxm-pore-size filter before analy- 
sis. 1,3-PD, ethanol, and organic acids were analyzed by 
high-performance liquid chromatography (HPLC) (Bio-Rad 
Laboratories) with an organic acids column (Bio-Rad 
HPX87H), using the following conditions: sample size, 20 
(xl; mobile phase, 0.01 N H 2 S0 4 ; flow rate, 0.5 ml/min; 
column temperature, 40°C; detector, refractive index at 
room temperature. Sugars and glycerol were analyzed with a 
model 600 HPLC (Waters, Milford, Mass.) with a cation- 
exchange column in the calcium form (Waters Sugar-Pak II) 
under the following conditions: sample size, 10 ul; mobile 
phase, deionized water; flow rate, 0.5 ml/min; column tem- 
perature, 90°C; detector, refractive index at 35°C. 

Determination of d- and L-Iactate. The concentration of 
L-Iactate in fermentation samples was measured with an 
enzymatic L-Iactate analyzer (Yellow Springs Instrument 
Co., Yellow Springs, Ohio). D-Lactate concentration was 
estimated from the difference between the total lactate 
concentration measured by HPLC and the L-iactate value. 

Determination of 1,3-PD by GC-MS. Samples were pre- 
pared for gas chromatographic-mass spectrometry (GC-MS) 
analysis by the method of Sprenger et al. (26). £. coli 
AGl/pTCl was incubated anaerobically at 37°C in 300 m\ of 
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ST medium plus 2 g of glycerol per liter and 2 g of DHA per 
liter for 140 h. Cells were removed from the medium by 
centrifugation, and 200 ml of the supernatant was concen- 
trated by vacuum evaporation. The concentrate was dis- 
solved in 30 ml of methanol, and anhydrous sodium sulfate 
was added to remove residual water. The sample was filtered 
through Whatman no. 1 niter paper and again dried by 
vacuum evaporation. The residual oil was redissolved in 2 ml 
of methanol and centrifuged in a Brinkmann microcentrifuge 
for 10 min to remove insoluble material. The supernatant 
fraction was analyzed for 1,3-PD by GC-MS on a KRATOS/ 
MS25 instrument (Kratos Analytical Inc., Ramsey, N.J.). 

GC was done on a 30-m fused silica capillary column 
(0.32-mm inner diameter) with 0.25-u.m film thickness 
(SPB-5; Supelco, Inc., Bellefonte, Pa.). The injection tem- 
perature was 220°C, and the sample injection volume was 2 
fxl. The temperature was maintained at 50°C for 1 min and 
then increased by 20°C/min to 330°C. The eluted compounds 
were fragmented by electron impact ionization at 36 eV. The 
mass spectrum was compared with that of a 1,3-PD standard 
(Aldrich Chemical Co., Inc., Milwaukee, Wis.) obtained 
under the same conditions. 

RESULTS 

Confirmation of the presence of 1,3-PD by GC-MS analysis. 
E. coli AGl/pTCl was grown anaerobically on ST medium 
plus 2 g of glycerol per liter and 2 g of DHA per liter for 140 
h. Significant growth was observed (a final optical density at 
660 nm of 0.162 absorbance units) and HPLC analysis of the 
broth showed a peak that coeluted with 1,3-PD. The final 
fermentation broth was analyzed by GC-MS to confirm the 
production of 1,3-PD. The mass spectrum of the fermenta- 
tion sample gave miz (relative intensity) as 59 (6), 58 (100), 57 
(98), 56 (9), 55 (6), 47 (5), 46 (19), 45 (21), 44 (11), 43 (16), 31 
(49), 30 (18), 29 (32), 28 (80), 27 (13). For the 1,3-PD 
standard, the mass spectrum was 59 (7), 58 (100), 57 (95), 56 
(10), 55 (6), 47 (5), 46 (18), 45 (22), 44 (10), 43 (17), 31 (55), 30 
(20), 29 (36), 28 (91), 27 (17). The results confirm that the 
transformed strain, £. coli AGl/pTCl, produces 1,3-PD. No 
1,3-PD was detected in control fermentations with £. coli 
AGl/pBTM, i.e., cells containing the cosmid with no in- 
serts. 

In vitro activities of the dha regulon enzymes in E. coli. In 
K. pneumoniae, the dha regulon gene products are induced 
by DHA. The in vitro activities of four dha regulon enzymes 
in E. coli were determined in cells grown on modified ST 
medium plus 10 g of casein amino acids or yeast extract per 
liter and 2 g of a carbon source (either glycerol or xylose) per 
liter. Both E. coli AGl/pTCl and E. coli AGl/pBTI-1 
(cosmid vector with no inserts) were grown anaerobically in 
300-ml anaerobic flasks. The activities of the four enzymes in 
the cell extract of E. coli AGl/pTCl grown on glycerol and 
yeast extract were over 10-fold higher than those of E, coli 
AGl/pTCl grown on xylose and yeast extract (noninducing 
conditions) and also those of E. coli AGl/pBTM grown on 
yeast extract in the presence of glycerol (Table 1). The 
background activity of glycerol dehydrogenase in £. coli 
AGl/pBTI-1 is most likely from a dehydrogenase of un- 
known physiological function which converts glycerol to 
DHA (27); the background activity of DHA kinase is most 
likely from the enzyme II of the phosphoenolpyruvate- 
dependent phosphotransferase specific to DHA iptsD) re- 
ported by Sprenger et al. (26). 

The ratio of the specific dehydratase activity at 0.12 u.M 
coenzyme B 12 versus 12 jxM coenzyme B 12 was 0.78. By the 
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TABLE 1. Specific activities of dha regulon enzymes" 



Enzyme 


E. coli AGl/pTCl 

Glycerol Xylose 
+ CAA* + CAA 


E. coli AGl/pBTI-1 
(glycerol + YE*) 


Glycerol/diol dehydratase 


0.0016 


Nry 


ND 


1,3-PD oxidoreductase 


0.605 


0.079 


ND 


Glycerol dehydrogenase 


11.23 


0.465 


0.424 


DHA kinase 


13.47 


0.434 


0.334 



■ Specific activities in units per milligram of protein. 
* CAA, casein amino acids, acid hydrolysate. 
r YE, yeast extract. 
d ND, not detectable. 



method of Forage and Foster (7) t this value indicates that 
89% of the activity is from glycerol dehydratase and 11% is 
from diol dehydratase. 

Anaerobic growth and 1,3-PD production on media contain- 
ing both glycerol and DHA. The time course of cell growth 
and 1,3-PD production by £. coli AGl/pTCl grown in 300-ml 
anaerobic flasks on a defined medium (modified ST medium 
containing 2 g of glycerol per liter and 2 g of DHA per liter) 
is shown in Fig. 1. The specific growth rate was 0.084 h" 1 . 
Growth stopped when the DHA was depleted. The yield of 
1,3-PD based on the amount of both glycerol and DHA used 
was 0.37 mol/mol. Lactate and acetate were the dominant 
by-products, and no ethanol or formate was formed. 

When E. coli AGl/pTCl was grown on a complex medium 
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FIG. 1. Time course of £. coli AGl/pTCl fermentation of glyc- 
erol and DHA on denned medium. O.D., optical density. 
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FIG. 2. Time course of £. coli AGl/pTCl fermentation of glyc- 
erol on complex medium. O.D., optical density. 




FIG. 3. Partial restriction map of cosmid pTCl. (The 2.8-kb 
Hind\\\-Pm(\ fragment used in the Southern analysis shown in Fig. 
4 is indicated by asterisks.) 



HindllhPmtl fragment of pTCl (Fig. 4). There are identical 
bands in the lane containing K. pneumoniae genomic DNA 
and the lanes containing pTCl cosmid DNA, but no band in 
the lane containing E. coli genomic DNA. The positive 
control probes gave bands with both K. pneumoniae and £. 
coli genomic DNA. These results confirm that the insert 
DNA in pTCl is from K. pneumoniae. 



(modified ST medium with 2 g of glycerol per liter and 10 g 
of yeast extract per liter), 1,3-PD was produced from glyc- 
erol alone (Fig. 2). The growth rate was higher than that on 
the defined medium (0.26 h -1 ). The yield of 1,3-PD from 
glycerol was 0.46 mol/mol. Lactate production was lower on 
the complex medium, with formate now the dominant by- 
product and some ethanol accumulation. D-Lactate was the 
dominant form of lactate in both fermentations (0.04 g of 
L-lactate per liter from 1.10 g of total lactate per liter on the 
defined medium and 0.06 g of L-lactate per liter from 0.67 g 
of total lactate per liter on the complex medium). 

To test whether 1,3-PD could be produced from DHA 
without glycerol, we grew E. coli AGl/pTCl on complex 
medium with only DHA (modified ST medium with 2 g of 
DHA per liter and 10 g of yeast extract per liter) in Hungate 
tubes. 1,3-PD was detected with a final concentration of 0.50 
g/liter; the yield of 1,3-PD from DHA was 0.31 mol/mol. 

Restriction map of cosmid pTCl. A partial restriction map 
of the cosmid pTCl is shown in Fig. 3. The size of the 
cosmid is approximately 42.5 kb. There are two copies of the 
vector pBTI-1 and two inserts (18.2 and 2.1 kb). This 
composition is probably a result of the high ratio of vector 
DNA to inserted DNA used in the construction of the 
cosmid and the large size requirement of the in vitro pack- 
aging system (at least 38 kb). We expect that the genes of the 
dha regulon are located on the major (18.2-kb) insert. 

Southern hybridization. Both K. pneumoniae and E. coli 
genomic DNAs were digested with ////idlll and Pmll and 
hybridized with the probe synthesized from the 2.8-kb 




FIG. 4. Southern hybridization of E. coli and K t pneumoniae 
genomic DNA with probes synthesized from 2.8-kb HlndUl-Pmll 
fragment of pTCl (A) and from 2.1-kb EcoRI-EcoRI fragment 
containing rrsA (16S rRNA gene) of £. coli (B). All the DNA 
samples were digested with HindlU and Pmll. Lanes: 1, K. pneu* 
moniae genomic DNA; 2, E. coli genomic DNA; 3, 10 pg of pTCl; 
4, 100 pg of pTCl; 5. 1 ng of pTCl; 6, 10 ng of pTCl. 
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DISCUSSION 

The newly constructed cosmid, pTCl, contains genes 
encoding for at least four enzymes from K. pneumoniae 
ATCC 25955: 1,3-PD oxidoreductase, glycerol dehydroge- 
nase, DHA kinase, and glycerol/diol dehydratase. The first 
three enzymes are undoubtedly from the dha regulon. The 
situation is less clear for the dehydratase activity since both 
glycerol dehydratase and diol dehydratase are present in K. 
pneumoniae (7) and both enzymes catalyze the conversion 
of glycerol to 3-hydroxypropionaldehyde. The results of the 
assay for the differentiation between the two activities 
indicates that 89% of the activity is from glycerol dehy- 
dratase and 11% is from diol dehydratase. However, since it 
is unlikely that we cloned both dehydratase genes, we 
strongly suspect that all the activity is due to glycerol 
dehydratase. 

E. coli AGl/pTCl produces 1,3-PD on defined medium 
with glycerol and DHA, complex medium with glycerol 
alone, and complex medium with DHA alone. The lower 
yield of 1,3-PD on glycerol and DHA in defined medium than 
on glycerol in complex medium is expected because the 
yeast extract can provide carbon for cell growth and also 
because DHA is more oxidized than glycerol. K. pneumo- 
niae ATCC 25955, the source of DNA for this study, was 
reported to give the same yield of 1,3-PD from glycerol in 
complex medium (0.46 mol/mol) (3) as did the transformed 
E. coli. This result is somewhat surprising given the differ- 
ences in energy metabolism between the two organisms. 

DHA is necessary for the growth of E. coli AGl/pTCl on 
defined medium (modified ST medium with no yeast ex- 
tract); the defined medium with glycerol alone did not 
support growth (data not shown). With both glycerol and 
DHA present (Fig. 1), the DHA was consumed first and then 
the cell level remained relatively constant while the glycerol 
was converted to 1,3-PD and by-products. A possible expla- 
nation for the need for DHA relates to the known bacteri- 
ostic effect of giycerol-3-phosphate (4), an intermediate 
produced from glycerol by the E. coli glycerol kinase. Cells 
grown on DHA may be able to counter this effect by the 
accumulation of fnictose-l,6-diphosphate, an inhibitor of 
glycerol kinase (33). 

The inhibition of glycerol kinase by fructose-l,6-diphos- 
phate may also help to explain the growth of the transformed 
E. coli on the complex medium with glycerol alone (Fig. 2). 
The majority of the 1,3-PD was produced during rapid 
growth when enough fructose-l,6-diphosphate should be 
available from the catabolism of the yeast extract to inhibit 
glycerol kinase. As the available carbon source from the 
yeast extract is consumed, the level of fructose-l,6-diphos- 
phate presumably decreases and the cells stop growing. 
There is still sufficient glycerol and other nutrients for 
further growth. The accumulation of by-products may also 
contribute to the reduction in growth. 1,3-PD production on 
the complex medium with DHA alone probably involved the 
glycerol dehydrogenase operating in the reverse of its usual 
direction, i.e., the oxidation of DHA to glycerol and then the 
conversion of glycerol to 1,3-PD in the usual way. 

The by-product distribution was very different on complex 
versus defined medium. On the defined medium containing 
glycerol and DHA (Fig. 1), the major by-product was lactate, 
then acetate and succinate. No formate and ethanol were 
detected. On the complex medium (Fig. 2), formate was the 
major by-product and ethanol was also present. Part of this 
difference may be due to the rapid growth on the complex 
medium, resulting in the inability of the formate hydrogen- 



Iyase activity to convert all the formate to C0 2 and H 2 . In 
both fermentations, D-lactate was the major form of lactate. 
The greater level of lactate in the defined medium with 
glycerol and DHA may be because DHA was converted to 
DHAP by DHA kinase and then to D-lactate via the meth- 
ylglyoxal bypass (29). 

The introduction of a new biochemical pathway to a cell 
raises many technical questions that can only be addressed 
experimentally. For our system, one such question was 
whether or not the dehydratase activity could be expressed 
and made to function properly in E. coli. Sprenger et al. (26) 
have reported the expression all the enzymes of the dha 
system in E. coli except for the dehydratase. Their organism 
was able to grow anaerobically on glycerol but did not 
produce 1,3-PD. Our success in cloning and expressing the 
dehydratase may be partly due to the large size of our DNA 
insert (18.2 kb). Another concern was that the dehydratase 
would be inactivated in E. coli. Glycerol is known to be an 
inhibitor of both diol dehydratase and glycerol dehydratase 
(22, 28). Honda et al. (11) have shown that in K. pneumoniae 
ATCC 25955 the inactivated glycerol dehydratase undergoes 
reactivation in situ in the presence of ATP and Kin 2 * or 
Mg 2+ . The production of 1,3-PD by our organism shows that 
the dehydratase is able to function in E. coli. The transport 
of glycerol and 1,3-PD by E. coli AG17pTCl is not a 
problem. E. coli is intrinsically permeable to glycerol and 
1,3-PD (23). 

The construction of the K. pneumoniae 1,3-PD pathway in 
E. coli is our first step in the development of a model system 
for MPE. The system will provide the opportunity to inves- 
tigate the interaction of a metabolic pathway in a new host 
with a foreign biochemical background. It will also enable 
the development of methods to improve the yield and 
productivity of 1,3-PD from glycerol and to extend the 
substrate range of the pathway to more abundant renewable 
substrates such as sugars and starch. 
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Twelve aldehyde dehydrogenase (ALDH) genes have been identified in humans. These genes, located 
on different chromosomes, encode a group of enzymes which oxidizes varieties of aliphatic and aromatic 
aldehydes. Metabolic disorders and clinical problems associated with mutations of ALDH 1 1 ALDH2 f 
ALDH4> ALDH 10 and succinic semialdehyde (SSDH) genes have been emerged. Comparison of the 
human ALDHs indicates a wide range of divergency (>80-< 15% identity at the protein sequence level) 
among them. However, several protein regions, some of which are implicated in functional activities, are 
conserved in the family members. 

The phylogenic tree constructed of 56 ALDH sequences of humans, animals, fungi, protozoa and 
eubacteria, suggests that the present-day human ALDH genes were derived from four ancestral genes that 
existed prior to the divergence of Eubacteria and Eukaryotes. The neighbor-joining tree derived from 12 
human ALDHs and antiquitin indicates that diversification within the ALDH1/2/5/6 gene cluster occurred 
during the Neoproterozoic period (about 800 million years ago). Duplication in the ALDH 3/10/7/8 gene 
cluster occurred in Phanerozoic period (about 300 million years ago). Separations of ALDH3/ALDH10 
and that of ALDH7/ALDH8 had occurred during the period of appearance and radiation of mammalian 
species. 

Keywords: gene family; genomic organization; genetic disease; genetic variant; detoxification; evolu- 
tion; phylogenetic tree. 



Aldehyde dehydrogenases [aldehyde: NAD(P) + oxidoreduc- 
tase] are a group of enzymes catalyzing the conversion of alde- 
hydes to the corresponding acids by means of an NAD(P)*-de- 
pendent virtually irreversible reaction. ALDHs are widely dis- 
tributed from bacteria to humans. 

Mammalian ALDH activity was first observed in ox liver 
nearly 50 years ago [1] and thereafter several types of ALDH 
were distinguished based on their physico-chemical characteris- 
tics, enzymological properties, subcellular localization, and tis- 
sue distribution [2—4]. T\vo ALDH genes were cloned and char- 
acterized in 1985 [5]. At the present time, ten non-allelic genes 
have been identified in the human ALDH family. In addition, 
partial cDNAs for two distantly related ALDHs, i.e. succinic 
semialdehyde dehydrogenase (SSDH) and methylmalonate 
semialdehyde dehydrogenase (MMSDH) were also reported [6, 
7]. Most, if not all, corresponding members of the ALDH family 
probably exist in other mammals. Protein sequences, genes and/ 
or cDNAs for more than 50 animals, fungi, and bacterial ALDHs 
have been reported. 

Correspondence to A. Yoshida, Dept. of Biochemical Genetics, 
Beckman Research Institute of the City of Hope, Duarte, CA 91010 
USA 

Abbreviations. ALDH, aldehyde dehydrogenase; SSDH, succinic 
semialdehyde dehydrogenase; MMSDH, methylmalonate semialdehyde 
dehydrogenase; yABDH, 4-aminobutyraIdehyde dehydrogenase; 
FALDH, fatty aldehyde dehydrogenase; 4-Abu, 4-aminobutyric acid; nt, 
nucleotide. 

Note. This Review will be reprinted in EJB Reviews 1998 which will 
be available in April 1999. 



This paper reviews the functional and structural diversity and 
evolution of the human ALDH gene family. 

There is no uniform nomenclature system for human and 
animal ALDH genes and enzymes. Therefore, commonly used 
abbreviated human gene symbols (GBD symbols) are used for 
genes (in italic) and enzymes (in non-italic) in the present re- 
view. GenBank identification numbers are also given. 



Members of ALDH families 

Twelve known human ALDH genes and corresponding en- 
zymes are listed in Table 1. These genes consist of 10—13 cod- 
ing exons and span 11— 40kbp in various chromosomes. 
ALDH5 does not contain introns in the coding region. Genomic 
organizations of ALDH4, SSDH and MMSDH are not yet known. 

Proteins (enzyme subunits) encoded by these genes consist 
of about 500 amino acid residues, Catalytically active forms of 
the enzymes are homodimers (ALDH3, ALDH4), homotetra- 
mers (ALDH1, ALDH2, ALDH9, MMSDD) or unknown. 

Tissue distribution and subcellular localization of individual 
ALDHs are also shown in Table 1. 

More recently, an additional human cDNA, tentatively desig- 
nated as ALDH11 cPNA, was cloned. This cDNA encoding 499 
amino acid residues, is strongly expressed in testis, and its de- 
duced amino acid sequence is highly similar (72%) to human 
ALDH1 (Hsu et al. unpublished observation). Since the se- 
quence and properties of ALDH 11 have not yet been published, 
it is not included in Table 1. 
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Table 1. Human ALDH family. Tissue (subcellular) distribution indicates the major tissue expressing a given ALDH member at a high level; (cyt) 
indicates cytoplasm, (mit) mitochondria, (micro) microsomes. The subcellular distribution of ALDH5, ALDH7 and ALDH8 is based on the presence 
of an NH a -terminal leader sequence or COOH-terminal anchor sequence, not on the separation of subcellular components. Major substrate indicates 
aldehydes which are effectively oxidized by a given isozyme. Coding sequence indicates the number of deduced amino acid residues, including the 
chain initiator Met. Subunit size indicates the number of amino acid residues of subunits which constitute catalytically active enzymes, excluding 
the chain initiation Met and the NH 2 -terminal signal peptides in the case of ALDH2, ALDH4 and ALDH5. In the final column, references are given 
to papers which originally described full-length cDNA and genomic organization. For SSDH and MMSDH, papers reporting partial cDNAs are 
cited. References for tissue and subcellular distribution, major substrates and chromosomal locations are given in the literature cited here. 



Gene Enzyme Tissue Major Coding Subunit Chromo- Reference 

(GDB (abbreviated (subcellular distribution) substrate sequence size somal (GenBank I.D.) 

symbol) symbol) (amino acid) (amino acid) location 



ALDH I 


ALDH1 


liver, stomach etc. (cyt) 


retinal 


501 


500 


9q21 


[8] (J04748) 


ALDH2 


ALDH2 


liver, stomach etc. (mit) 


acetaldehyde 


517 


500 


12q24 


[9] (M20444) 


ALDH3 


ALDH3 


stomach, lung etc. (cyt) 


fatty and aromatic 
aldehydes 


453 


452 


17pll.2 


[10, 11](M77477) 


ALDH4 


ALDH4 


liver, kidney (mit) 


glutamate 
y-semialdehyde 


563 


539? 


1 


[12] (U24266) 


ALDH5 


ALDH5 


testis, liver (mit) 


proptonaldehyde 


517 


500 


9pl3 


[13] (M63967) 


ALDH6 


ALDH6 


salivary gland, stomach, 


aliphatic aldehyde, 


512 


511 


15q26 


[14] (U07919) 






kidney (cyt) 


retinal 








ALDH7 


ALDH7 


kidney, lung (micro) 


aliphatic and aro- 
matic aldehydes 


468 


467 


llql3 . 


[15, 16] (U10868) 


ALDH8 


ALDH8 


parotid (micro) 


unknown 


451 


450 


Ilql3 


[16] (U37519) 


ALDH9 


yABDH 


liver, kidney, muscle (cyt) 


amine aldehyde 


493 


492 


lq22-24 


[17] (U34252) 


ALDH10 


FALDH 


liver, heart, muscle (micro) 


fatty and aromatic 


485 


484 


17pll 


[18, 19](U46689) 








aldehydes 








SSDH 


SSDH 


brain, liver, heart (mit) 


succinic 
semiatdehyde 


? 


488 


6 


[6, 20] (L34821) 


MMSDH 


MMSDH 


kidney, liver, heart (mit) 


methylmalonate 


535- 


503' 


? 


[7] (M93405) 








semialdehyde 









• Deduced from the homologous rat cDNA and enzyme. 



Human antiquitin cDNA (GenBank S74728) [21] is distantly 
related (similarity 15-25%) to human ALDHs. Human antiqui- 
tin is similar (about 60%) to a hypothetical ALDH-like protein 
(Swiss-Prot P46562; GenBank U13070) identified in Caeno- 
rhabditis eiegans. It is not yet known whether or not human 
antiquitin has ALDH activity. 

Functional diversity 

ALDHs exhibit a rather broad substrate specificity and many 
of them can oxidize varieties of aliphatic and aromatic alde- 
hydes. For most ALDHs, NAD is a better co-enzyme than 
NADP and the enzymes also have esterase activity. 

ALDHs have been considered as general detoxifying en- 
zymes which eliminate toxic biogenic and xenobiotic aldehydes 
[22—24], More recently, specific biological roles of some 
ALDHs have emerged. 

ALDH1. ALDH1 is a cytosolic enzyme ubiquitously distrib- 
uted in various tissues including brain and red blood cells. The 
enzyme has a high activity for oxidation of both alUtrarts- and 
9-cw-retinal (* m <0.1 uM for all-/ra/w-retinal at pH 7.5) [25], 
and it may play a vital role in the formation of retinoic acid 
which is a potent modulator for gene expression and tissue dif- 
ferentiation. ALDH1 gene is not expressed in genital tissues of 
patients associated with androgen receptor-negative testicular 
feminization, although the gene is expressed in other tissues [26, 
27], It was suggested that activation of ALDH I gene is mediated 
by androgen receptor and generation of retinoic acid by ALDH1 
is required for testicular development. 

The recently identified human ALDH1 1 described in the pre- 
ceding section, may also participate in the regulation of gene 
expression and tissue differentiation mediated by retinoic acid, 



since the corresponding mouse and rat ALDHs, which are highly 
similar (> 95%) to ALDH11, have a high activity for oxidation 
of retinal [28, 29], 

Several ALDH1 variants, associated with various degrees of 
enzyme deficiency in the liver and red blood cells, have been 
reported [30—32], Nucleotide changes of these variants have not 
been determined. Except for possible alcohol sensitivity, physio- 
logical problems were not observed in the variant subjects. 

ALDH1 exhibits a high activity for oxidation of aldophos- 
phamide and plays a role for detoxification of widely used anti- 
cancer drugs, oxazaphosphorines [33, 34]. It was demonstrated 
that the acquired drug resistance was associated with the tran- 
scriptional activation of ALDH I expression in the cells [35]. 

Porcine cytosolic ALDH, which corresponds to human 
ALDH1, has a high activity for oxidation of 11 -hydroxy-throm- 
boxane B2 and may participate in the thromboxane metabolism 
[36]. 

ALDH1 is a major soluble constituent of eye lens and may 
play a role in detoxification of peroxidic aldehydes produced by 
ultraviolet light absorption [37]. 

ALDH2. ALDH2 is a mitochondrial enzyme strongly ex- 
pressed in various tissues with the highest level in the liver. 
ALDH2 exhibits a high activity for oxidation of acetaldehyde 
(K m <5 uM at pH 7.5), and plays a major role in acetaldehyde 
detoxification. The alcohol sensitivity (i.e. facial flushing, eleva- 
tion of skin temperature and increase in pulse rate, etc.) in Ori- 
entals is associated with the genetic deficiency of ALDH2 
caused by a point mutation G-+A transition in exon 12, Glu-» 
Lys at 487 position from NH 2 -terminal Ser of the matured sub- 
unit (review in [38]). Other type of ALDH2 mutation was found 
in American Indians associated with the enzyme deficiency [39]. 

Since no adverse developmental or physiological problems 
are observed in homozygous variant subjects associated with vir- 
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tually null ALDH2 activity, ALDH2 is probably not essential 
for survival. 

ALDH3. ALDH3 oxidizes aromatic aldehydes and medium- 
chain aliphatic aldehydes (fatty aldehydes). The enzyme is a cy- 
tosolic enzyme strongly expressed in the stomach and lung, but 
at a low level (or undetectable) in the normal liver. ALDH3 is 
strongly expressed in about 70% of poorly differentiated and 
30% of well differentiated human hepatocellular carcinomas 
[40]. Etiological relationships of hepatoma and ALDH3 expres- 
sion are not clear. 

Stable ALDH3 expression was observed in the carcinogen- 
induced rat hepatoma, and transient expression in cultured hepa- 
tocytes treated with aromatic hydrocarbon xenobiotics (review 
in [41]). 

The oxazaphosphorine resistance was substantially elevated 
in hamster cell lines transfected with rat or human ALDH3 
cDNA constructs [42]. It was observed that acquired oxazaphos- 
phorine resistance was accompanied with the enhanced expres- 
sion of ALDH3-like enzyme in human breast and paroid gland 
carcinoma cell lines [43 -45]. 

However, activity toward aldophosphamide with purified 
stomach ALDH3 and the ALDH3-like enzyme prepared from 
the resistant cells is too weak to account for the drug resistance 
[42-45]. Thus, it was suggested that aldophosphamide oxida- 
tion activity of ALDH3 could be more severely diminished than 
benzaldehyde oxidation activity during purification, or that 
ALDH3 may be extremely sensitive to inhibition by acrolein, 
which would likely react with many nucleophiles and be elimi- 
nated in vivo [42]. 

ALDH3 exhibits 3—5 components distinguishable in iso- 
electric focussing. It was suggested that two subunits, encoded 
by two non-allelic genes, were involved in formation of homo- 
meric and heteromeric oligomers [46]. Such a possibility was 
excluded by genomic analysis [10]. The ALDH3 gene has 
multiple transcription initiation sites and three mRNAs, with 
same coding sequence but with different 5'- untranslated se- 
quence lengths, are produced from the transcripts [11]. Escheri- 
chia coli transfected with single cloned human ALDH3 cDNA 
produces multiple ALDH3 components. Thus, ALDH3 multi- 
plicity must be due to post-translational protein modification. 

A common variant ALDH3 allele (variant allele frequency 
about 0.25, C— >G transversion at nt 985, Pro-*Ala at protein 
position 329) exists in both Caucasians and Orientals [47]. 
According to the recent X-ray crystal Iographic study of rat 
ALDH3, Pro329 exists at the end of short 0-9, and a Pro— Ala 
substitution could cause structural and functional changes [48]. 
However, no physiological problems were reported in the variant 
subjects. 

The existence of ALDH3 variants), distinguished by elec- 
trophoresis or isoelectricfocusing, was reported in Caucasians 
and Orientals [46, 49]. The mutation site(s) of the variant(s) has 
not been determined, and it is not clear whether or not the vari- 
ants) is identical to the common variant described above. 

ALDH3 is a major constituent of cornea in humans and other 
animals [37, 50] and, like ALDH1, it may play a role in detoxifi- 
cation of peroxidic aldehydes. 

ALDH4. ALDH4 is a mitochondrial enzyme with a high 
activity for oxidation of y-semialdehydes such as glutamic y- 
semialdehyde (a hydration product of pyrrol ine 5-carboxylate) 
[12, 51]. Genetic deficiency of ALDH4 disturbs proline degra- 
dation and 4-Abu formation, causing type II hyperprolinemia, 
associated with elevation of plasma proline level, mental retar- 
dation and convulsion [52, 53]. The mutation site of the de- 
fective gene(s) has not been determined. 




100 bp 

Fig.l. Comparison of genomic organization of eight human ALDH 
genes. Exons containing the translated regions (shadowed) are shown. 
ALDH5 does not contain introns in its coding exon; the genomic organi- 
zation of other human ALDH genes is unknown. 



ALDH9 (yABDH). yABDH is a cytosolic enzyme with a 
high activity for oxidation of 4-arninobutyraldehyde [54], The 
ALDH9 gene is expressed at a low level in adult brain, but it is 
strongly expressed in the early stage of embryonic brain (gesta- 
tional age of < 12 weeks) [17, 54]. 4-Abu may be produced 
from putrescine rather than from glutamate, by diamine oxidase 
and yABDH in the mammalian embryonic brain, as has been 
observed in the avian embryonic brain [55]. 

The ALDH9 locus is polymorphic, i.e. C or T at nt 327, and 
G or C at nt 344. The most common (>50% in Caucasians) 
haplotype is C at nt 327 and G at nt 344, and haplotypes of 
T327/G344 and C327/C344 are less common (about 20% each) 
[17]. The transition C-*T at nt 327 is silent, but the transversion 
G— *C at nt 344 should induce the amino acid substitution Cys 
— *Ser at protein position 115 and could alter enzyme properties. 

The notion for the existence of tissue-specific type of 
yABDHs (liver enzyme with Ser, brain enzyme with Cys) [56] 
is untenable. The difference is due to the existence of polymor- 
phism at the single ALDH9 locus. 

ALDH 10 (FALDH). FALDH is a microsomal enzyme with 
a high activity for oxidation of medium-chain aliphatic alde- 
hydes (fatty aldehydes). The genetic deficiency of FALDH dis- 
turbs the metabolism of membrane lipid causing Sjogren-Lars- 
son syndrome, an inherited disorder characterized by ichthyosis, 
neurological problems and oligophrenia [57]. Five distinctive 
types of mutations were found in the patients examined [47, 57]. 
As described above, ALDH3 also has a high activity for oxida- 
tion of fatty aldehydes. Although organization and structure of 
ALDH3 and ALDH10 are highly similar, ALDH 10 has a longer 
exon 9 and encodes the COOH-terminal transmembrane domain 
producing microsomal enzyme, while ALDH3 lacks the corre- 
sponding sequence in exon 9, producing a cytosolic enzyme 
(Fig. 1). Thus, ALDH3 probably cannot supplement the role of 
FALDH in the synthesis of membrane lipid. 

SSDH. SSDH, which is strongly expressed in brain, has a 
high activity for oxidation of succinic semialdehyde [20]. Ge- 
netic deficiency of SSDH disturbs the oxidation of succinic 
semialdehyde which is produced from 4-Abu by 4-Abu -Glu 
transaminase, causing accumulation of succinic semialdehyde 
and psychomotor retardation [58]. The mutation site of the gene 
has not been determined. 

In addition to SSDH, adult brain contains ALDH 1, ALDH2 
and ALDH5. yABDH is also expressed at a low level in adult 
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Table 2. Comparison of amino acid sequences In the ALDH family. Maximum identity and dissimilarity were compared by the Clustal V method 
(Megalign program, DNASTAR, Inc„ Madison WI). 

Percent Similarity 



o 
c 

0) 
O) 

<5 
> 



c 

CD 

O 
u 

0) 

Q_ 





1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 




1 


BB 


69.9 


67.9 


64.3 


35.7 


32.2 


25.8 


23.4 


20.6 


19.0 


19.7 


16.8 


1 


2 


29.9 


n 


63.5 


61.7 


32.3 


32.2 


24.9 


2Z3 


20.0 


20.7 


21.2 


19.9 


2 


3 


32.3 


35.7 


m 


72.1 


38.3 


31.7 


24.2 


22.1 


18.8 


18.6 


18.5 


19.0 


3 


4 


35.6 


37.8 


27.1 




35.9 


31.7 


24.9 


22.1 


18.8 


20.1 


19.7 


18.6 


4 


5 


59.2 


63.1 


57.9 


59.9 




31.7 


24.2 


23.4 


21.0 


20.1 


19.5 


15.8 


5 


6 


60.9 


60.6 


62.5 


61.9 


61.7 




22.4 


22.1 


18.8 


21.6 


19.3 


15.1 


6 


7 


69.4 


69.4 


69.8 


70.1 


72.2 


70.4 




18.8 


17.9 


17.4 
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brain. ALDH1, ALDH2 and ALDH3 can oxidize dopaldehyde 
(3, 4-dihydroxyphenyl acetaldehyde) [59], but their roles in do- 
pamine homeostasis are not clear. 

An ALDH isozyme, which could be attributed to ALDH5 
gene product, exhibited a high activity for oxidation of short- 
chain aliphatic aldehydes [60]. 

MMSDH is the only CoA-dependent dehydrogenase in the 
ALDH family. The enzyme catalyzes oxidative decarboxylation 
of malonate semialdehyde and methyl malonate semialdehyde 
to acetyl-CoA and propionyl-CoA t and may be involved in the 
catabolism of ^-alanine, valine and thymine [61]. 

ALDH 6 has activity for retinal oxidation (Hsu et al., unpub- 
lished observation), and may be involved in retinoic acid 
formation. Biological substrates of ALDH7 and ALDH8 are un- 
known. 

Structural similarity 

A comparison of the amino acid sequences of human 
ALDHs indicates a wide range of divergency among the mem- 
bers (Table 2). The maximum identity, adjusting for gaps, ranges 
from >80% to <15%. ALDH4, which is one of the classical 
human ALDH members, is not highly similar (<20%) to any 
of the other members. 

A comparison of their intron-exon organizations revealed 
that the gene family can be divided into group 1/6/2, group 3/ 
10, group 7/8, and a unique ALDH9 which seems to have 
branched off from group 3/10. Intron-exon junction positions 
and sizes of coding sequences in each exon coincide within each 
group (Fig. 1). 



Organization of ALDH7 and ALDH8 is similar to that of 
ALDH3 and ALDH10, except for the difference of intron posi- 
tions in exons 2—6 between the two groups. The ALDHS gene 
does not have introns within the coding region, and genomic 
organization of ALDH4, SSDH and MMSDH are not known, so 
these genes cannot be included in Fig. 1. 

Detailed comparison of the amino acid sequences and intron- 
exon organization indicate the existence of a remarkable simi- 
larity among all human ALDH family members (Fig. 2). 

Peptide regions shown in Fig. 2 in open boxes and amino 
acid residues in shadowed boxes are conserved in all or most of 
ALDHs. Functional roles of some of these conserved residues 
have been identified by site-directed mutagenesis and X-ray 
crystallographic studies. The conserved Glu (marked E) is im- 
portant for catalytic activity. Substitution of this Glu by other 
amino acid residue did not affect K m values for NAD or 
propionaldehyde, of human ALDH2, but grossly reduced the ca- 
talytic activity [62]. It is suggested that this Glu residue is not 
directly involved in substrate binding but it functions as a gene- 
ral base necessary for the activation. Three-dimensional analysis 
of bovine ALDH2 supports this notion [63]. 

Site-directed mutagenesis of rat ALDH2 revealed that the 
conserved Cys (marked C) is the single active-site nucleophil 
which forms a covalent bond with the substrate. Substitution of 
this Cys by a poor nucleophil caused severe loss of a catalytic 
activity [64], Three-dimensional analysis of bovine ALDH2 [63] 
and rat ALDH3 [65] supported this conclusion. 

Two Gly residues (marked Gl and G2) are found to partici- 
pate in NAD binding, based on three-dimensional analysis of rat 
ALDH3 [65]. The conserved Lys residue (normalized amino 



Fig. 2. Alignment of 12 amino acid sequences of the human ALDH family. Sequences denoted 1, 6, 2, 5, 3, 10, 7, 8, 4, 9, S and M correspond 
to ALDH1, ALDH6, ALDH2, ALDH5, ALDH3, ALDH10, ALDH7, ALDH8, ALDH4, ALDH9, SSDH and MMSDH, respectively. The intron 
insertion positions are indicated by arrowheads. / for 1 and 6, \ for 2, shown above the alignment, and / for 3, 1 for 10, \ for 7 and 8, and \ 
for 9, shown below the alignment. Open boxes emphasize conserved regions with conserved amino acid residues in shaded boxes. Note that only 
partial coding sequences are currently available for human SSDH and MMSDH. Intron-exon organization of ALDH4, SSDH and MMSDH is unknown, 
and ALDHS does not have introns in its coding region. 
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Fig. 3. A neighbor-joining tree derived from amino acid sequences of 56 ALDHs from animal, fungi, protozoa and bacteria. The tree was 
constructed by the formula of Saitou and Nei [73], and visualized with computer programs NJBootW and Tree View (kindly provided by K, Tamura). 
The distances between sequences were computed using Poisson correction for multiple hits [74] and are expressed in terms of the amino acid 
substitutions/site. Bootstrap P-values were computed from 1000 bootstrap resamplings [75]. Deposition of each protein includes either Swiss Prbt 
or GenBank accession number, protein name and species name. In order to avoid over complexity, the unique plant betaine aldehyde dehydrogenase 
group is not included in the tree. 
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Fig, 4. A neighbor-joining tree derived from 12 human ALDHs and 
antiquitin. All sites containing insertions or deletions were excluded 
from data analysis. Bootstrap values above 50% are indicated. The times 
of divergence were estimated by linearized tree algorithm I J [76] based 
on the known ALDH protein sequences from rodents, primates and 
ortyodactyls, and on the divergence time 104 million years (Myr) ago 
for Rodentia/Artiodactyla bifurcation [77]. 



acid position 236 in Fig. 2) was also implicated in NAD binding 
by a site-directed mutagenesis study of human ALDH2 [66, 67]. 



Evolution of ALDH 

A general neighbor-joining tree was derived from 56 ALDH 
sequences of humans, animals, fungi, protozoa and bacteria 
(Fig. 3). A human neighbor-joining tree was derived from 12 
human ALDHs and antiquitin (Fig, 4). 

There is inconsistency in the branch point of human SSDH 
and MMSDH between the two neighbor-joining trees, i.e. they 
are clustered in . the human tree (Fig. 4) while they belong to 
separate clusters in the general tree (Fig. 3). Since bootstrap P- 
values of these clusters are low (<20%) in both trees, the origin 
of these two genes is not certain. The branch point(s) of ALDH4 
and antiquitin is also not certain. 

Except for the uncertainties described above, all cluster 
branch points have very high bootstrap P-values, indicating a 
high degree of validity in the trees. The trees indicate that diver- 
sification within the ALDH 1/2/5/6 cluster was likely to occur 
much earlier than within the ALDH 3/10/7/8 cluster (Figs 3 and 
4). In the reconstruction, diversification within ALDH 1/2/5/6 
cluster happened during the Neoprotozoic period ((893 million 
years ago), long before the Ediacaran radiation of metazoan 
[68]. According to the current paleontological paradigm, the 
earth during this period was dominated by unicellular organisms, 
and multicellular organisms, mostly algae, were scarce and 
primitive [69], 

In contrast, multiplication in the ALDH 3/10/7/8 cluster 
seemed to arise much later ( ss 287 million years ago) in the Pha- 
nerozoic period, when diverse vertebrate and invertebrate ani- 
mals were abundant. The latest two duplications ALDH3/ 
ALDH10 and ALDH7/ALDH8 took place about 178 and 73 mil- 
lion years ago, i.e. corresponding to the periods of early appear- 
ance and radiation of mammalian species. 

The separation of two major groups (i.e. ALDH1/2/5/6/9 and 
ALDH3/1 0/7/8) had occurred more than two billion years ago 
[70], before the separation of the ancestors of eukaryotes and 



eubacteria. The age of the oldest known extinct eukaryotes, Cry- 
pania sipiralis, was estimated to be about 2 billion years ago, 
whereas the oldest traces of ancient life on the earth are believed 
to be approximately 3.6 billion years old [71], 

A standard mathematical analysis of the reconstructed phylo- 
genic tree derived from the intron-exon organization of the hu- 
man ALDH genes strongly suggests that ALDH genes evolved 
from an ancestral intronless gene by intron insertion, rather than 
by a series of intron deletions of an ancestral gene with introns 
[72]. 

A very early appearance of ALDH is not surprising, since a 
non-specific ALDH with a broad substrate specificity was essen- 
tial to protect early life on the ancient earth which was rich in 
varieties of highly reactive and toxic aldehydes. A general role 
of the present day human ALDH isozymes, which display di- 
verse tissue and subcellular distributions, is still detoxification 
of biogenic and xenobiotic aldehydes existing in given tissues. 

ALDHs with more specialized activities had evolved from 
the ancestral ALDH. ALDH1, ALDH6 and the recently iden- 
tified ALDH11 which have high activities for oxidation of reti- 
nal, had evolved together before the radiation of multicellular 
organisms. . 

ALDH3 and ALDH10, which may be involved in the metab- 
olism of membrane lipids, had evolved together during the pe- 
riod of appearance of mammals. Meanwhile, two distantly re- 
lated enzymes, i.e. ALDH4 which participates in 4-Abu synthe- 
sis, and SSDH which participates in 4-Abu degradation, were 
separated much earlier. 

We apologize to many investigators whose work on ALDHs 
were not cited because of space limitations and because their 
work is beyond the scope of this review. 

, Studies in this laboratory were supported by the US Public Health 
Service (grant HL-29515 to A. Yoshida, GM20293 to M. Nei) and by 
the National Science Foundation (grant DEB 9520832 to M. Nei). 
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INTRODUCTION TO POLY(3-HYDROXYALKANOATES) 
Storage Material 

Poly(3-hydroxyalkanoates) (PHAs) are structurally simple 
macromolecules synthesized by many gram-positive and gram- 
negative bacteria. PHAs are accumulated as discrete granules 
to levels as high as 90% of the cell dry weight and are generally 
believed to play a role as sink for carbon and reducing equiv- 
alents. When nutrient supplies are imbalanced. it is advanta- 
geous for bacteria to store excess nutrients intracellulariy, es- 
pecia Iy as their general fitness is not affected. By polymerizin" 
soluble intermediates into insoluble molecules, the cell does 
not undergo alterations of its osmotic state and leakage of 
these valuable compounds out of the cell is prevented. Conse- 
quently, the nutrient stores will remain available at a relatively 

(36, T8T£ n 9 an 24 e 0 C( S6 a ) nd ^ a rCtUr " °" inVeStmen * 

Once PHAs are extracted from the bacterial cell, however 
these molecules show material properties that are similar to 
some common plastics such as polypropylene (20). The bac- 
terial origin 0 f the PHAs make these polyesters a natural 
material, and, indeed, many microorganisms have evolved the 
o C , 8 / ade these macr °moIecules. Besides being biode- 
gradable, PHAs are recyclable like the petrochemical thermo- 
plasts. This review summarizes the chemical and physical prop- 
erties of PHAs and the biochemical and genetic studies of the 
pathways involved in PHA metabolism. Within this framework, 
the scientific advances that have been made with the available 
described' eC0n0mic PHA Production processes will be 

Chemical Structure 
The many different PHAs that have been identified to date 
are primarily hnear, head-to-tail polyesters composed of 3-hy- 
droxy fatty aad monomers. In these polymers, the carboxyl 
group of one monomer forms an ester bond with the hydroxvl 
'roup of the neighboring monomer (Fig. 1). In all PHAs that 
nave been characterized so far, the hydroxyl-substituted carbon 
Horn is of the R configuration, except in some special cases 
Wiere there ,s no chirality. At the same C-3 or p position, an 
•lkyl group wh>ch can vary from methyl to tridecvl is posi- 
■oned. However, this alkyl side chain is not necessarily satu- 




Jn 



m°7c ToTh ? n "; e pendant group (R) Varies f ™ m ™< M «C.) >o 

ouot Mh'j t * '* aC ' dS " ,a, haVe b " n inc °T°™«l have .hi hvdroxv 
.saTurn,^ .,/, P °t'" 0n - Whi ' C ,he pendanI - Brou P mav be S3 ' ura '"-'<' " 
«M P.3HB mvu**"^- 71 " : b «'- know " P HAs arc P(3HB) ,R = 
opvl) P(3HB - JHV) (R = «r «hyl). and P(3HO-3HH) (R = pemvl or 



rated: aromatic, unsaturated, halogenated, epoxidized, and 
branched monomers have been reported as well (1 25 32 44 

58^60, 85, 125, 126, 135, 247). Specialized, unnatural mono-' 
mers such as 4-cyanophenyIvaJerate have been incorporated to 
obtain new polymers with special properties (124). As well as 
the variation in the alkyl substituent, the position of the hy- 
droxyl group is somewhat variable, and 4-, 5- and 6-hydroxy 
acids have been incorporated (51, 131, 277-279). Substituents 
in the side chains of PHAs can be modified chemically for 
instance by cross-linking of unsaturated bonds (39, 67, 68) 
This variation in the length and composition of the side chains 
and the ability to modify their reactive substituents is the basis 
for the diversity of the PHA polymer family and their vast array 
of potential applications that are described below. 

Historically, poly(3-hydroxybutyrate) [P(3HB)j has been 
studied most extensively and has triggered the commercial 
interest in this class of polymers. P(3HB) is the most common 
type of PHA, and the ability of bacteria to accumulate P(3HB) 
USCd 3S 3 taxonomic characteristic. Copolymers of 
r(3HB) can be formed by cofeeding of substrates and may 
result in the formation of polymers containing 3-hydroxyvaler- 
ate (3HV) or 4-hydroxybutyrate (4HB) monomers. Together 
polymers containing such monomers form a class of PHAs 
typically referred to as short-side-chain PHAs (ssc-PHAs) In 
contrast, medium-side:chain PHAs (msc-PHAs) are composed 
of Q to C l6 3-hydroxy fatty acids. These PHAs are synthesized 
from fatty acids or other aliphatic carbon sources, and, typi- 
cally, the composition of the resulting PHA depends on the 
growth substrate used (17, 105, 135). msc-PHAs are also syn- 
thesized from carbohydrates, but the composition of these 
PHAs is not related to the carbon source (S4, 102, 270). The 
vast majority of microbes synthesize either ssc-PHAs contain- 
ing primarily 3HB units or msc-PHAs containing 3-hy- 
droxyoctanoate (3HO) and 3-hydroxydecanoate (3HD) as the 
major monomers (6, 142, 249 t 252). 

Physical Characteristics 

The molecular mass of PHAs varies per PHA producer but 
is generally on the order of 50 ? 000 to 1,000,000 Da. Although 
aliphatic polyesters have been studied extensively since the 
1920s, their properties were not remarkable and did not initi- 
ate a great commercial interest at that time. This was primarily 
due to the use of relatively impure substrates at the time, which 
limited the molecular masses of these polymers to 20 000 to 
30,000 Da (159). Bacterialiy produced . P(3HB) and other 
PHAs, however, have a sufficiently high molecular mass to 
have polymer characteristics that are similar to conventional 
plastics such as polypropylene (Table 1). 
Within the cell, P(3HB) exists in a fluid, amorphous state 

d™? F : 3fter extraction from the ce » with organic solvents! 
P(jHB) becomes highly crystalline (43) and in this state is a 
stiff but brittle material. Because of its brittlcness P(3HB) is 
not very stress resistant. Also, the relatively hish'meiting tem- 
perature of P(3HB) (around 1 70*C) is close to The temperature 
where this polymer decomposes thermally and thus limits the 
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TABLE 1. Properties of PHAs and polypropylene* 






Parameter 




Value for*: 








P(3HB) P(3HB-3HV) 


P(3HB-4HB) 


P(3HO-3HH) 


PP 


r m rcr 

Crystallinity (%) 
Extension to break (%) 

* Data from reference 42. 


177 145 
2 -i 
70 56 
5 50 


150 
-7 
45 
444 


61 
-36 

30 
300 


176 
-10 
60 
400 



. T g is glass transition temperature. 



ability to process the homopolymer. Initial biotechnological 
developments were therefore aimed at making PHAs that 
were easier to process. The incorporation of 3HV into the 
P(3HB) resulted in a poIy(3-hydroxybutyrate-co-3-hydroxyval- 
crate) [P(3HB-3HV)J copolymer that is less stiff and brittle 
than P(3HB) f that can be used to prepare films with excellent 
water and gas barrier properties reminiscent of polypropylene, 
and that can be processed at a lower temperature while retain- 
ing most of the other excellent mechanical properties of 
P(3HB) (159). In contrast to P(3HB) and P(3HB-3HV), msc- 
PHAs have a much lower level of crystallinity and aremore 
elastic (73, 20S). These msc-PHAs potentially have a different 
range of applications from the ssc-PHAs. 

Biological Considerations 

The diversity of different monomers that can be incorpo- 
rated into PHAs, combined with a biological polymerization 
system that generates high-molecular weight materials, has 
resulted in a situation where an enormous range of new poly- 
mers are potentially available. The advent of genetic engineer- 
ing combined with modern molecular microbiology now pro- 
vides us with the exceptional framework for studying plastic 



properties as a function of genetic and metabolic blueprints. In 
fact, it presents an enormous challenge to our scientific disci- 
pline to fully explore this biology to ensure that environmen- 
tally friendly polyesters are available for generations to come 
Biodegradability. Besides the typical polymeric properties 
described above, an important characteristic of PHAs is their 
biodegradability. In nature, a vast consortium of microorgan- 
isms is able to degrade PHAs by using secreted PHA hydro- 
lases and PHA depolymerases (for a review of the microbiol- 
ogy and molecular genetics of PHA degradation, see reference 
111). The activities of these enzymes may vary and depend on 
the composition of the polymer, its physical form (amorphous 
or crystalline), the dimensions of the sample, and, importantly 
the environmental conditions. The degradation rate of a piece 
of P(3HB) is typically on the order of a few months (in anaer- 
obic sewage [Fig. 2]) to years (in seawater) (1 1 1, 167-169). 

Renewable nature. As important as the biological character- 
istics and biodegradability of PHAs is the fact that their pro- 
duction is based on renewable resources. Fermentative pro- 
duction of PHAs is based on agricultural products such as 
sugars and fatty acids as carbon and energy sources. These 
agricultural feedstocks are derived from C0 2 and water, and 
after their conversion to biodegradable PHA, the breakdown 




FIG. 2. Degradation of P(3HB-3H V) in aerobic scwaec sludge. Bottles made of P( *HBoHVi w, r( . in.-,,h.,„..i ,k- , 
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products are again C0 2 and water. Thus, while for some ap- 
plications the biodegradability is critical, PHAs receive general 
attention because they are based on renewable compounds 
instead of on our diminishing fossil fuel stockpiles (293) 



Applications 

PHAs are natural thermoplastic polyesters, and hence the 
majority of their applications are as replacements for petro- 
chemical polymers currently in use for packaging and coatin» 
apphcations. The extensive range of physical properties of the 
PHA family of polymers and the broadened performance ob- 
tainable by compounding and blending provide a correspond- 
ing^ broad range of potential end-use applications, as de- 
scribed in numerous patents. 

Initial efforts focused on molding applications, in particular 
tor consumer packaging items such as bottles, cosmetic con- 

H ; 8 ^? 2 ,, descnb f * he manufacture of P(3HB) and 
£ Kl ms and the,r us e as diaper backsheet (163. 
164). These films can also be used to make laminates with 
other polymers such as polyvinyl alcohol (91). Diaper back- 
sheet materials and other materials for manufacturing biode- 
gradable or compostable personal hygiene articles from 

f ( -u 7^oE° ,y - mers 0,her ,han P(3HB-3HV) have been de- 
scribed (180, 181, 241). PHAs have also been, processed into 
riders which then were used to construct materials such as 
nonwoven fabrics (248). P(3HB) and P(3HB-3HV) have been 
described as hot-melt adhesives (118). PHAs with longer-side- 
cnain hydroxyacids have been used in pressure-sensitive adhe- 
sive formulations (229). PHAs can also be used to replace 
petrochemical polymers in toner and developer compositions 
(to) or as ion-conducting polymers (221, 222). PHAs can be 

mm « 3 ^ f °L fnStanCe for P a P er <oa««ng applications 
(160), or can be used to produce dairy cream substitutes (298) 
or flavor delivery agents in foods (299). 

In addition to its range of material properties and resulting 
applications, PHAs promise to be a new source of small mol- 
ecules. PHA can be hydrolyzed chemically, and the monomers 
can be converted to commercially attractive molecules such as 
are 8-hydroxy acids, 2-alkenoic acids, p-hydroxyalkanols, 
p-acyllactones, 0-amino acids, and p-hvdroxyacid esters (293) 
ine last class of chemicals is currently receiving aitention be- 
cause of potential applications as biodegradable solvents. 



PHA BIOSYNTHESIS IN NATURAL ISOLATES 
Since 1987, the extensive body of information on P(3HB) 
metabolism, biochemistry, and physiology has been enriched 
by molecular genetic studies. Numerous genes encoding en- 
zymes involved in PHA formation and degradation have been 
cloned and characterized from a variety of microorganisms 
from these studies, it is becoming clear that nature has evolved 
several different pathways for PHA formation, each optimized 
for the ecological niche of the PHA-producing microorganism 
Genetic studies have, furthermore, given insights into the reg- 
ulation of PHA formation with respect to growth conditions 
The cellular physiology of the cell and the important role of 
central metabolism have become apparent by studying PHA 
mutants with modifications in genes other than the phb genes 
Not only do such studies provide a fundamental insight into 
microbial physiology, but also they provide the keys for design- 
ing and engineering recombinant organisms for PHA produc- 
tion. This section deals with the molecular details of the PHA 
enzymes and corresponding genes and how their activities 
blend with cellular metabolism to synthesize PHA only at times 
where their synthesis is useful. 

Of air the PHAs, P(3HB) is the most extensively character- 
ized polymer, mainly because it was the first to be discovered 
in 1926 by Lemoigne at the Institute Pasteur (152). The 
P(3HB) biosynthetic pathway consists of three enzymatic re- 
actions catalyzed by three distinct enzymes (Fig. 3). The first 
reaction consists of the condensation of two acetyl coenzyme A 
(acetyl-CoA) molecules into acetoacetyl-CoA by B-ketoacyl- 
CoA thiolase (encoded by phbA). The second reaction is the 
reduction of acetoacetyl-CoA to (K)-3-hydroxybutyryl-CoA by 
an NADPH-dependent acetoacetyl-CoA dehydrogenase (en- 
coded by phbB). Lastly, the (7?)-3-hydroxybutvryl-CoA mono- 
mers are polymerized into poly(3-hydroxybutyrate) by P(3HB) 
polymerase (encoded by phbC). Although P(3HB) accumula- 
tion is a widely distributed prokaryotic phenotype, the bio- 
chemical investigations into the enzymatic mechanisms of 
D«fIos <7, "F° A ,hi0,ase - acetoacetyl-CoA reductase, and 
r"(3HB) polymerase have focused on only two of the natural 
producers, Zoogloea ramigera and Ralsionia eutropha (formerly 
known as Alcaligenes eutrophus). 

Essential Genes for PHA Formation 
The first phb gene to be isolated was from 2. ramhera (190) 
an interesting bacterium for biopolymer engineering since it 
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FIG, 4 p/w and/>A6 operons. The loci encoding the genes for PHA formation have been characterized from IS different species. Genes specifyine enzymes for 
ssc-PHA formation arc designated p/16, and those specifying enzymes for msc-PHA formation arc designated pirn. Not all pathways have completely been elucidated 
in these strains. The emerging picture is that pha and/7/16 genes are not necessarily clustered and that the gene organization varies from species to species. Other gene* 
possibly related to PHA metabolism may be linked to the essential pha and phb genes. (A) Complete phbCAB operons. (B) Interrupted phh loci. (Q Incomplete phb 
loci. (D)phb loci from organisms thai encode two subunit P(3HB) polvmc rases. (E) The phbCJ locus o(A. caviae involved in P(JHB-3HH) formation. (F) loci for 
msc-PHA formation in Pscudonwnas. ' 



produces both P(3HB) and extracellular polysaccharide (50). 
By using anti-thiolase antibodies the phbA gene was detected 
in Escherichia coli carrying a Z. ramigcra gene library and was 
subsequently cloned (190). It was found that phbA and phbB 
form an operon, while phbC is located elsewhere on the chro- 
mosome of Z ramigcra (191). The cloning of phbA and phbB 
facilitated the purification of the encoded ketoacyl-CoA thio- 
lase and acetoacetyl-CoA reductase for kinetic and mechanis- 
tic characterization of these enzymes as described in later 
sections. 

Since the original discover)' of these phb genes, many genes 



encoding enzymes from the PHA pathway have been cloned 
from different organisms (Fig. 4). Given the diversity of 
P(3HB) biosynthetic pathways, it is not surprising that the pha 
loci have diverged considerably. In Acinetobacter spp.,AIcafi- 
genes laws. Pseudomonas acidophila. and R. cutropha* the 
phbCAB genes are in tandem on the chromosome although not 
necessarily in the same order (108, 192, 193, 232, 274). In 
Paracoccus denitriftcans, Rlxizobium meliloti, and Z. ramigcra* 
the phbAB and phbC loci' are unlinked (141, 191. 27l/273. 
297). PHA polymerase in Chromatium vinosum, Thiocystis vio- 
focea* and Syncchocystis is a two-subunit enzyme encoded by 
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i,A# £ ^ d phb , C genes - In ,hese orgasms, phbAB and 
WtC are in one locus but divergently oriented (87, 154, 155) 

}. P™}™ m C />. acidophils R. eutropha, Rliizo- 

biurn mehloti and 7: wb/acea all have an additional gent,phbF, 

5™ l ? h,thCrt ? Unknown function in PH A metabolism 
ffl* I. P ar V° f a gene encod '"g a Protein homologous to 
•he nypothetrcal £. coli protein YfiH is located upstream of the 

oeZ'?°i P £'? l , e !! tmpha> andZ ram, '8 em P ( 3HB ) Polymerase 
genes. In Methylobactenum extorquens, Nocardia coralline, Rhi- 

ZlTu etl '>M° d ° c ° cc "s ruber, and Rhodobacter , pha era ides, 
?h, c f ,;T? Polymerase-encoding gene has been identified 
thus far (23, 78, 109, 195, 280). The PHA polymerase gene in 
Aeromonas caviae is flanked by a unique PHA biosynthetic 
enzyme encoded by phaJ, which is discussed in further detail 
below (61). In msc-PHA-producing/l oleovorans and P. aerugi- 
nosa the pha loci contain two phaC genes (107, 269) separated 
ntrnS. W ^ ,ch n e I n r codcs an intracellular PHA depolymerase 
(107). The two PHA polymerases are 50 to 60% identical in 
their primary structure and appear to have a very similar sub- 
strate specificity (102, 107). 

I ,^ gUr r i£ T ?V deS grounds for some speculation on the evo- 
lution of PHA formation. When the first PHA-forming bacte- 
ria used this pathway, the purpose of the pathway was probably 
different from synthesis of a storage material (see also below) 
V HA formation was most probably a minor metabolic pathway 
w S Dafr nBmS '. perha P s resulting only from a side reaction, 
when PHA formation became beneficial for the microbe, evo- 
lut!on selected for improved PHA-accumulating strains under 
conditions of which we are unfortunately not aware. Knowl- 
edge of such conditions would be extremely helpful in the 
current efforts to optimize PHA production that employ re- 
combinant PHA producers and are described in later section?. 
Over the course of evolution, phaC was sometimes combined 
with genes that supply monomer, such as phbAB or phaJ, or 

Z if 7 nC ^ nVOl r d . in ° thcr as P ects of PHA metabolism, such 
as pi taz The selective pressures active at the time resulted in 
ne Clustering of pha genes in an operon in some organisms (as 
in P aadophtla, R. eutropha, Acinetobacter, Alcaligenes latits 

n h P r, e r°T COViae) 01 as se P ara(e transcriptional units in 
( r r f m 'Sera, P. denitrificans, Rhizobium meliloti, C. 
T™'. Z vw,acea > P - oleovorans, P. putida, and perhaps 
other microorganisms for which no thiolase and reductase 
genes have been identified yet). A second evolutionary force 
must have worked on the pha genes since some but not all of 
these diversely structured loci containp/^and phbP genes or 

eZT?L 0hfiH / , Whe,her ,he anCes,ral PHA Polymerase was 
encoded by one (phaQ or two {phaEC) open reading frames is 
an open question. Since the two-subunit polymerase systems in 

r';^",', 0 '""" a " d 71 * aK d0 have neighboring thiolase and 
reductase genes whereas phaEC in Synechocystis does not, fu- 
sion of phaEC or splicing of phaC may have preceded the 
rearrangements in the pha loci. 

P^n° Ugh ?■ , me S aterium wa s the first strain from which 
r(JHB) was isolated and identified, its biosynthetic machinery 
has not yet been characterized. The recently isolated B meea- 
tenum mutants impaired in P(3HB) formation (55) should 
allow the cloning and characterization of the phb genes from 
this historically relevant P(3HB) producer. 

The Three-Step ssc-PHA Biosynthetic Pathway 

P-Ketoacyl-CoA thiolase. p-Ketoacyl-CoA thiolase catalyzes 
he first step in P(3HB) formation. The P(3HB) biosynthetic 
thiolase (aceryl-CoA:acetyl-CoA-acetyl transferase; EC 2319) 
is a member of a family of enzymes involved in the thiolvtic 
cleavage of substrates into acyl-CoA plus acetvl-CoA These 
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P-ketoacyl-CoA thiolases are found throughout nature from 
higher eukaryotes to yeasts to prokaryotes and are divided into 
two groups based on their substrate specificity. The first group 
consists of thiolases with a broad specificity for p-ketoacyl- 
CoAs ranging from C 4 to C, 6 . This class of enzymes is involved 
mainly in the degradation of fatty acids and is located in the 
cytoplasm of prokaryotes and in the mitochondria and peroxi- 
somes of mammalian and plant cells. The second class of 
P-ketoacyl-CoA thiolases is considered biosynthetic and has a 
narrow range of chain length specificity, from C, to C, 
Throughout nature, these biosynthetic thiolases are specialized 
for a variety of roles such as ketone body formation, steroid 
and isoprenoid biosynthesis, and P(3HB) synthesis. The thio- 
lase involved in P(3HB) formation is a biosynthetic thiolase 
with specificity primarily for acetoacetyl-CoA (166). 
R. eutropha contains two pketothiolases (enzyme A and 

V%E£s B) that 3re aWe t0 act in the bi °synthetic pathway to 
P(3HB) synthesis. The major difference between these two 
enzymes is their substrate specificity. Enzyme A is a homotet- 
ramer of 44-kDa subunits and converts acetoacetyl-CoA and 
3-ketopentanoyl-CoA (but only at 3% relative activity in com- 
parison to acetoacetyl-CoA). In contrast, enzyme B, a homotet- 
ramer of 46-kDa subunits, has a broader substrate specificity 
and cleaves acetoacetyl-CoA as well as 3-ketopentanoyl-CoA 
3-ketohexanoyl-CoA, 3-ketoheptanoyl-CoA, 3-ketooctanoyl- 
CoA, and 3-ketodecanoyl-CoA (30, 17, 19, 10, and 12% activity 
relative to acetoacetyl-CoA, respectively). Originally it was 
thought that the major role of enzyme B is in fatty acid deg- 
radation while the primary role of enzyme A (PhbA) is in the 
biosynthesis of P(3HB) (81). Recently, however, it has been 
shown that enzyme B is the primary source of the 3HV mono- 
mer for P(3HB-3HV) formation (244). 

The enzymatic mechanism of PhbA consists of two half- 
reactions that result in the condensation of two acetyl-CoA 
molecules into acetoacetyl-CoA. In the first half-reaction an 
active-site cysteine attacks an acetyl-^CoA molecule to form 
an acetyW-enzyme intermediate. In the second half-reaction 
a second cysteine deprotonates another acetyl-CoA, resulting 
in an activated acetyl-CoA intermediate that is able to attack 
the acetyl-5-enzyme intermediate and form acetoacetyl-CoA 
d/^'iT 116 ,nvolvement of a cysteine(s) in the active site of the 
P(3HB) thiolase was first hypothesized in 1953 because the 
thiolase was inhibited by sulfhydryl-blocking agents (156) In 

S^int 19SQS ' the r0 ' eS ° f ^i"" in 'he active site of the 
P(3HB) thiolase were definitively determined, after the thio- 
lase gene from Z ramigera had been cloned and the enzyme 
had been overproduced and purified. The cysteine involved in 
the acetyl-J-enzyme intermediate was identified as Cys89 by 
peptide sequencing of- the radioactive peptide after tryptic di- 
gestion of radiolabeled enzyme with f'^CJiodoacetamide or 
[ CJacetyl-CoA (35, 267). A C89S thiolase mutant was also 
constructed and determined to be severely affected in catalysis 
but not substrate affinity (165, 267). The second cysteine in the 
active site of P(3HB) thiolase was determined by using affinity- 
labeled mactivators such as bromoacetyl-5-pantethene-ll- 
pivalate. By using this inhibitor, Cys378 was identified as a 
potential residue for the second active-site cysteine that dep- 
rotonates the second acetyl-CoA molecule (34, 186) and the 
C378G mutant was virtually inactive (165, 186). So far, all 
P(3HB) thiolases contain these two active-site cysteines and it 
is believed that all the P(3HB) thiolases use the same enzy- 
matic mechanism to condense acetvl-CoA with either acetvl- 
CoA or acyl-CoA. 3 

Acetoacetyl-CoA reductase. Acetoacetyl-CoA reductase is 
an (/?)-3-hydroxyacyl-CoA dehydrogenase (EC 1 1 1 36) and 
catalyzes the second step in the P(3HB) biosvnthetic pathway 
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TABLE 2. Kinetic characteristics of P(3HB) biosyntbeu'c 




Thiolase (condensation) 
. Z. ramigera 

Thiolase (thiolysis) 
Z. ramigera 



R. eutropha 



NADPH-dependent reductase 
Z. ramigera 



R. eutropha 



P(3HB) polymerase 
R. eutropha 



033 



0.024 

0.46 

0.073 

(50%)" 

0.044 

(3%) b 

(0%) b 



0.002 

0.002 . 

0.010 

0.99 

0.005 

(18%)* 

(3.6%)* 



0.72 
1.63 



Acetyl-CoA 



Acetoacetyl-CoA 

Acetoacetyl-pantheteine 

Acetoacetyl-pantheteine-1 l-pivalate 

3-KetovaleryI-CoA 

Acetoacetyl-CoA 

3-KetovaIeryl-CoA 

3-KetohexanoyI-CoA 



Acetoacetyl-CoA 
^3-Ketovaieryl-CoA 
3-KetohexanoyI-C6A 

Acetoacety]-pantheteine-ll-pivalate 
Acetoacetyl-CoA 
3-KetovaIeryl-CoA 
3-Ketohexanoyl-CoA 

3-HydroxybutyryI-CoA 
3-Hydroxyvalcryl-CoA 
3-Hydroxybutyryl-pantheteine-ll-pivalate 



J Kn» with respect to aceioacetyl-CbA 

< Et: respec * ,o ~«*<=<* - 3^™^^^ 



Acetoacetyl-CoA 



Acetyi-CoA - 
Acetyl-CoA + acetyl-pantheteine 
Acetyl-CoA + acetyl-pantheteine-1 l-pivalate 
Acetyl-CoA -f propionyl-CoA 
Acetyl-CoA 

Acetyl-CoA + propionyl-CoA 
Acetyl-CoA + butanoyl-CoA 



3-HydroxybutyryI-CoA 

3-HydroxyvaleryI-CoA 

3-Hydroxyhexanoyl-CoA 

3-Hydroxybutyryl-pantheteine-l l-pivalate 

3-HydroxybutyryI-CoA 

3-Hydroxyvaleryl-CoA y 

3-Hydroxyhexanoyl-CoA 



P(3HB) 

PHV 

None 



35 



35 
35 
35 
166 
252 
252 
252 



198 
198 
198 
198 
252 
252 
252 



252 
252 
69 



by converting acetoacetyl-CoA into 3-hydroxybutyryI-CoA 
The acetoacetyl-CoA reductase from Z ramigera is a homotet-* 

Ir -^'u ^ ADH - de P e ndent acetoacetyl-CoA reductase 
activities have been observed in cell extracts of R. eutropha 

known N A rVH ^ S ^ P(3HB) SyntheSiS ^' ™ e ^ 

.?^f^ H ' dC ? endcnl acetoacet y'-CoA reductase involved 
AhK ulu Formal ' on t0 date was found C. vinosum (155). 
Although he phbB gene product from Paracoccus denitrificans 
was initially ascribed to be NADH dependent (297) subse- 
quent overexprcssion of this enzyme and characterization 
proved this reductase to be active only with NADPH (29) 

The enzymatic reactions involved in P(3HB) synthesis have 
been extensively analyzed by biochemical techniques and pro- 
vide clues about the regulation of this pathway. The preferred 
reaction for the thiolase is thioiytic cleavage, which occurs in 
the direction opposite to the P(3HB) biosynthetic pathway 
However, under P(3HB)-accumulating conditions the enzyme 
acts against its thermodynamicalJy favored direction when the 
activities of acetoacetyl-CoA reductase and P(3HB) polymer- 
ase pull the condensation reaction (reviewed in reference 166) 
I He availability of reducing equivalents in the form of NADPH 
»s therefore considered to be the driving force for PGHB) 
formation. ' 

In the P(3HB) biosynthetic pathway, the reactions catalyzed 
by thiolase and reductase provide the monomer for PHA po- 
lymerization. The kinetic characteristics and substrate specific- 
ities of these two enzymes are therefore crucial in dctcrminino 
the range of products that can be expected to be synthesized in 
a thjolasc, reductase, polymerase pathway, as depicted in Fig. 
* r f ble 2 shows a compilation of the kinetic characteristics of 
the best-studied thiolase and reductase enzvmes, which pro- 
vides insights in the use of these enzvmes for the formation of 



P(3HB) copolymers. The concept of dividing PHA formation 
into monomer supply pathways and polymerization is impor- 
tant since in later sections it will be shown that monomers arc 
not necessarily supplied by dedicated pathways. Some of the 
strategies currently used in fermentative production processes 
and also the new developments in metabolic engineering pro- 
vide examples of the incorporation of monomers that are not 
supplied by thiolase and/or reductase mediated reactions 

P(3HB) polymerase. P(3HB) polymerase is the third enzyme 
in the biosynthetic pathway for P(3HB) production. The first 
phbC nucleotide sequence lo be reported was from R. eutro- 
Wim fiene was iso,ated b y complementation of K eutropha 
P(3HB)-negative mutants (192), and the promoter that drives 
the expression of phbC (235) and the other genes in the phb 
operon (192, 193) was mapped. Expression of these three 
genes m E. coh resulted in the accumulation of P(3HB) up to 
levels exceeding 50% of the cell dry weight (192, 236 245) 

P(3HB) polymerase is just one member of the family "of 
PHA polymerases. All of the polymerases have molecular 
masses of around 63,000 Da, except for the polymerases from 

f^TiT'"^ 15 , 3 ^ T Vtola€ea (154 >' and Syncchococcus spp. 
(6/, 1 14), which are composed of two subunits with molecular 
masses of 40 and 45jcDa. Interestingly, there are only 15 fullv 
conserved residues among the 26 known PHA polymerases 
many of which lead only to ssc-PHA formation (Fig. 5). This is 
remarkable, since these 15 residues represent on average less 
than 3% of the total number of amino acids in these enzvmes. 
Since PHA polymerase is found in both soluble (hydrophilic) 
and granule-bound (hydrophobic) slates, it may be that evolu- 
tion has selected for enzymes that are catalvtically efficient 
while presenting few problems related to undesirable -pro- 
tein-hydrophobic-surface" interactions. The broad variety of 
I HA-producing microbes would represent a vast spectrum of- 
intraccllular conditions to which these enzymes would have to 
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merase (PHO) and ihe PhhPT^ • r l ),R "''"""""nisc-PHApoly. 
5W,^"7p.??^ h 2 ^ r b e C * n « of ! he p-subuni, phrase froJn 



be adapted. This could explain the low level of overall con 
served ^quence identity between the different pS X" 

per?d rl b^°h?r iCal S,UdiCS ° f PHB P o| y«"erase were ham- 
rSuL PhS ? aCUV,ty ° f the P rotein P™««« from the 
natural PHB producers. These studies, however, indicated that 
•he enzyme exjsts in both soluble and granule-bound forms 64 
i' was Proposed that two cysteine residues migh be in-' 
volved in catalys.s, with one cysteine holding the eroSne pha 

th . * test , ,hl 5 ,heorv - cysteines (Cys319 and Cys459) in 
he* eutropha P(3HB) polymerase were mutated (7of CvSlS 

?vs459 C r d *0* SynthaSCS *° ,ated to S) S e 9 

2^i?ST2 bC,Ween °. nly the * and the P 

llT^ JS* P°'y mcras ". Cys319 was shown to be an ac- 

dered f h f,l " serine and Canine mutations ren- 

Sne f Cvs4^ me maC,,VC - In COn,raSt ' when lhe «cond cys- 
90% oHh . ^ 7 3S mU ' atea 10 3 Serine ' ,he e «yme retained 

(3HB? ^ a ?' VIty (70) - By Usin S ,he 'rimer 

i i i ^ " was shown thal 'he P(3HB) polvmer is co 
gem, bound to the P(3HB) polymerase th^h 0^9 

To explain the ability of the enzyme to form ester bonds with 
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only one cysteine residue, a second thiol was proposed to exist 
olST htl ° nil -r mcation - P^Phopametheine w£ 

for P?l^ n a oI POtentIal ^ ttransla,, ' 0na, ""^cation moie* 
2 ™) P?'ymerase (70 . A phosphopantetheine posttrans- 

ind e„Z ,fiCa,, ° n ha u S bee " f0und in acyl-carrier protein 
MfSffi* entCrobactin biosynthesis (110). By using a 
ymC;a - C ov f. rex P ressi on system, it was shown that 
the PhbC enzyme is radioactively labeled when B-pHlalanine 

Th^T^ is su PP ,ied * the cZi 

SEtXSXffSr ,0 be ™ dified °y Phosphopante^e,-: 
nyiation is Ser260 (70), a residue conserved in allpAaC genes 
charactered to date (Fig. 5) and part of a region that r «em 
bles similar sites in panthethenylated enzymes (70) 

bn2rV he , fUnC ' i0 - ° f thC Po'ynerases in forming ester 
bonds, it is not surprising to find the active-site cysteine residue 
of these enzymes in a lipase box, Gly-X-Cys 3,5> -X-Glv-GIv The 
active site of a lipase generally consists of a nucleophile, either 
cysteine or serine, whose reactivity is enhanced by an aspartate 
residue and a histidine residue (16, 194. 295). Toge^r S 
three residues form a catalytic triad. Candidates fo These - as 
partate and histidine residues are conserved in , he ^v" 

^ Se H aSpartatC residues at P° siti ons 351, 423 and 

480 and histidme residues at positions 481 and 508 (S 5) 
G.ven hat P HA polymerase may have two active-site h 5s it 
«s possible that two of the three conserved aspartate 2« 
and both conserved histidines are part of a catalytic tfS l5 

Ar428 a C nd 0 !i ,he ^ ™ ' ^ in ^^S^S 
hKS f »nH C ° nS ^f d dyads A'PW-HMSl and Gly507- 
catalJsis ?nT rCS , , he ^ C,y im P° r 'ance of these residues in 
a 322 «• Analogously, the strict conservation of Pro239 

amfno adds UndeiSCOres ,he importance of this stretch of 
Model for PHA Granule Formation 



The resemblance of the active sites of PHA polymerases and 
(f£ C 6A? WC " 35 ^ Pre u ferred IOCa "' Za,ion of 'hese enzym« 

prSeedBor 6315 pr ° CCSS ° f granu,e formation may 

proceed. Both enzymes act on ester bonds at the interface of a 
hydrophobic vesicle and water. The difference between ^hese 
enzymes ,s m the d.rection of the reaction that they catalyse 
e ther toward ester formation or towards ester hydrolysi Tn 
the aqueous environment of the cytosol, the PHA polymerase 
is qoite a remarkable er^yme since i, performs an esteSSS 
reaction under typ.cally unfavorable aqueous conditions 

oemgross and Martin investigated P(3HB) granule forma 
lion in vitro and developed a model for P(3HB) granutefoj 
mauon (69). First, soluble P(3HB) polymerase nfe rac tw„h 
increasing concentrations of 3-hydroxybutyryl-CoA Tn The £ 
toplasm resulting ,n priming of the enzyme by an unknown 
mechanism. During an initial lag phase HB oligomers are 
slowly formed and extruded from the enzyme. The HB oH 
gomemhen form micelles as the oligomers increase in length 
and hydrophobic^. Consequently, the micelle-like pa' tSs 

the imerfaM 3 * 5 with >he polymerase located a. 

tne nterface. The enzyme then rapidly proceeds with PHHm 
synthesis extruding more P(3HB) intothe growing «3 . 
Eventually the micelles are thought to coalesce into £ er 
granules that can be visualized by microscopy (69) (Fi<> 6m 
In vuro studies of the covalent linkage of the 3HB°trirni"r 

SSES ooWnT 0 ^'' f SinCC 3 Shif ' in « he '«»fo™«"n o The 
r(3HB) polymerase from monomer to dimer annfi^H to 

made with the binding of the .rimer. jK^e^SS 

polymerase dimer was more active than the monL ( i 

showed a great, decreased lag time. fiigSS'S.S 
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enzymat.c reactions arc reminiscent of that of lipase M^^JS^T , ( f* t "T^" and liberaIes ,he "Moni from ,he ^taSTE* 

mechanism for «hc formation of PHA granules Soluble en^n,,^ ' * ri ^ e " de (TG)/»ater inlerfaccs, yielding free acids and alkanohTl^n,v~H 

length and enzyme-oligomer concentration ht ? monomer-CoA to oligomers, which remain enzyme bound (step I ) iVa eri, El n " ^ 

cytosol (step 2?Bccaufe of this ^^^i^^ZL^Z^ "^J'" W " h *' '"^ l0Ci " ed " ^"'^ace.separating the p£a 
environment instead of the aqueous phase, the reacior o^Tf^ ^ "JSV"~ ^""f 'J" ^P""^ P°'y"»< can now be extruded into a hvdronlmbir 
.he phase-contras, nncroscope ( step 3, M , hc number ^^LZ^^^ -» 



lag time in vitro is related to the initial acylation step. It is not 
ye dear whether this covalent catalysis in the rx>Iymerasc- 

reaC , t,0n re,a,e . S l ° in vivo P rimin S (296)- Physiolog- 
cal y this makes sense, however, since the formation of rela- 
tively few h.gh-molecular-weight PHA molecules is expected to 
be favored over the formation of many low-molecular-weight 
PHA oligomers. As pointed out above, PHA is considered an 
osmotically inert macromolecule which depends on having a 
high molecular weight. Slow PHA polymerase activation in the 

IcZ^f^' C ° mbined with a "Pid Polymerization once 
actuated enzyme forms micelle structures, appears to ensure 
the formation of high-molecular-weight materials 

e«Iin,nl U H d !h S , b ^ GC - n ^ S and Marlin have ' furthermore, 
csiaoiisried that the minimal requirements for P(3HB) svnthe- 

sis are the (/?)-3-hydroxybutyryl-CoA substrate and P(3HB} 
polymerase (69). P(3HB) polymerase is present both in soluble 
and granule-bound forms, but the soluble P(3HB) polymerase 
appears less active. Because of the higher activity when granule 
bound, optimal P(3HB) accumulation occurs when more en- 
zyme is associated with the growing granule. Maintenance of 
the available surface is thus critical for efficient P(3HB) pro- 
duction In subsequent studies, Martin and Gerngross ob- 
served that the size of in vitro-synthesized granules is related to 
the amount of protein added to the assay mixture, irrespective 
or whether this protein is PHB polymerase or an unrelated 
protein such as bovine serum albumin (161). 

PhaP 'is a natural PHA-binding protein that deiermines the 
size of PHA granules. phaP was identified in genetic studies as 
a locus causing a P(3HB) leaky phenotype in R. eutropha. The 
phaP gene was cloned from a cosmid library and found to 



encode a 24-kDa protein that binds to the P(3HB) granule 
Immunochemical analysis with anti-PhaP antibodies revealed 
that the protein is always granule bound and no free PhaP is 
present in the cytoplasm of the wild-type strain. Genetic stud- 
ies have furthermore shown that the concentration of PhaP is 
inversely related to the size of the granule, since overexpres- 
sion of PhaP resulted in the formation of many small P(3HB) 
granules while »phaP mutant contained only a sinoJe PC3HB) 
granule. The P(3HB) leaky phenotype in phaP mutants may 

L«S»x re ? e rCSU " 0f a decreased Efface area available for 
P(3HB) synthesis and causes the observed, low polymerase 
activity (289). Th,s situation indicates an interesting regulatory 
phenomenon in which maximal activity is obtained by localiza- 
tion of the enzyme to a site which is created and maintained bv 
a structural protein. PhaP is not essential in this regard but in 
vivo this protein is likely to be involved in maintenance of the 
optimal intracellular environment for P(3HB) synthesis and 
utilization and as such provides guidance durinc the process of 
granule formation. 

The characteristics of PhaP and related proteins are remi- 
niscent of those of oleosins, proteins that associate exclusively 
with the oil bodies of oil-producing plants. For that reason 
PnaP-hke proteins are generally referred to as phasing. It ap- 
pears that oleosins play a structural role in maintainin« the 
integrity of individual oil bodies by preventing their coales- 
cence (97). Such a role would be especially valuable upon 
germination of the seeds, when oil deeradation is enhanced by 
a larger surface-to-volume ratio. PhaP and related proleins like 
OA 14 from Rliodococcus niber, GA14 and GA23 from Mcthvl- 
obactenum rhodesenium, GAI3 from Acmetobacter. and the' 
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Other Pathways for ssc-PHA Formation 
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FIG. 7. Biosynthetic pathway for P(3HB-3HH). P(3HB-3HH) monomers arc derived from fatty acid degradation by converiinc enoyl-CoA intermediates directly 
> (/?)-3-hydroxyacyl-CoA precursors by an (K)-specific enoyl-CoA hydraiase (PhaJ). ** ■ - 



methylmalonyl-CoA pathway (290). In this pathway, succinyl- 
CoA is converted to methylmalonyl-CoA, which is decarboxy- 
lated to propionyi-CoA (Fig. 8). A mutant strain of N. corallina 
was constructed in which the gene encoding the large subunit 
of methylmalonyl-CoA mutase was disrupted. The 3HV frac- 
tion in the PHAs formed by the resulting mutants was reduced 
from 70 to 4% compared to that in the wild-type strain. How- 
ever, the mutants still accumulated P(3HB) on glucose and 
succinate and a P(3HB-3HV) copolyester on valerate (275). It 
appears that N. corallina derives PHA monomers from both 
the fatty acid degradation pathway and the traditional P(3HB) 
biosynthctic pathway, in contrast loA. caviae. 

Pathways for msc-PHA Formation 

msc-PILAs from fatty acids. msc-PHAs were not discovered 
until 1983, when Witholt and coworkers serendipitously found 
that P. oleovorans grown on 50% octane formed a material that 
was pliable under conditions where samples arc prepared for 
freeze fracture electron microscopy. Because these materials 
left mushroom-like structures in the electron micrographs 
where P(3HB) formed spike structures, further characteriza- 
tion was warranted (41). By using chemically synthesized stan- 
dards, the inclusions formed from /i-oclane were determined 
to be made of a copolyester consisting of 89% (/?)-3-hy- 
droxyoctanoate and 11% (tf)-3-hydroxyhexanoatc (135). 

Subsequent studies showed that the composition of the 



PHAs formed by pseudomonads of the rRNA homology group 
I were directly related to the structure of the alkane, alkene, or 
fatty acid carbon source (17, 105, 135). When the carbon 
source consists of 6 to 12 carbon atoms, the monomers in the 
PHA are of the same length as the carbon source or have been 
shortened by 2, 4, or 6 carbon atoms. When the carbon source 
is a straight-chain C l3 to C 1R fatty acid, the composition of the 
polymer resembles that of the C n - and C I2 -grown bacteria 
(105). Use of mixtures of hydrocarbons or fatty acids as the 
carbon source results in the formation of PHAs in which the 
composition is a reflection of the ratio of the two carbon 
sources. For instance, when P., oleovorans is supplied with mix- 
tures of octane and 1-octcne, the ratio of monomers with an 
unsaturated bond ranged from 0 to 50% depending on the 
fraction of 1-octene in the substrate (135). By analogy, substi- 
tuted 3-hydroxyalkanoates were introduced to different levels 
by supplying 7-methyloctanoate, S-bromooctanoate, phenylun- 
decanoate, or cyanophenoxyhexanoate as the cosubstrate (58- 
60. 85, 124, 126). Incorporation of the last of these substrates 
results in PHA with monomer constituents that are hypcrpo- 
larizablc and may confer nonlinear optical properties to the 
polymer (124). 

The composition of these PHAs and their direct relationship 
with the structure of the growth substrate suggested that the 
msc-PHA biosynthctic pathway is a direct branch of the fatty 
acid oxidation pathway (Fig. 9) (135). In this pathway, fatty 
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FIG. 8. Biosynthetic pathway for P(3HB-3HV) from carbohydrates. Some 
microorganisms accumulate P(3HB-3HV) without supplementation of propi- 
onate valerate, or other fatty acids. Propionyl-CoA in these species is 
formed through the methylmalonyl-CoA pathway, which originates from sucd- 
2* ™ f TCA Pro P»ony«-CtoA and acctyl-CbA are converted to 

P(jHBOHV) by the typical Phb enzymes. 



weight of PHA from a depolymerase mutant was not higher 
than that of PHA from the wild type (106). The latter obser- 
vation prompted the hypothesis that the molecular weight of 
PHA is determined by the activity of the PHA polymerase. 
Based on in vitro analysis of the PHA polymerase from P. 
oleovoransi it has recently been suggested that the substrate is 
the limiting factor for PHA formation. Overall, these in vivo 
and in vitro experiments suggest that the substrate/enzyme 
ratio, and hence the substrate concentration and enzyme lev- 
els, determines the molecular weight of the resulting PHA 
(129, 130). 

msc-PHAs from carbohydra tes. When fluorescent pseudo- 
monads of rRNA homology group I are grown on sugars, a 
PHA that consists primarily of C 10 and Q monomers is formed 
(84, 102, 270). Evidence suggests that these monomers are 
derived from intermediates of fatty acid biosynthesis and that 
the composition of the PHAs is probably a reflection of the 
pool of fatty acid biosynthetic intermediates. 

It is well known that temperature affects the fatty acid com- 
position of bacterial membranes. Since this effect is due to 
enzyme activities in fatty acid biosynthesis, the PHA composi- 
tion was studied in relation to the growth temperature. When 
P. putida was grown on decanoate, the PHA composition was 
almost identical irrespective of the growth temperature. In 
contrast, when glucose was the substrate, the fraction of un- 
saturated monomers increased from 10 to 20% and the frac- 
tion of monomers longer than C 10 increased from 18 to 28% 
when the temperature was lowered from 30 to 15°C. Since the 



acids are degraded by the removal of Cj units as acetyl-CoA. 
The remainder of the pathway oxidizes acyl-CoAs to 3-keto- 
acyl-CoAs via 3-hydroxyacyl-CoA intermediates. The substrate 
specificity of this msc-PHA polymerase ranges from C 6 to C l4 
(/?)-3-hydroxy-aJkanoy!-CoAs, with a preference for the C 8 , Q,, 
and C 10 monomers (105). However, because the p-oxidation 
intermediate is (5)-3-hydroxyacyl-CoA, an additional biosyn- 
thetic step is required for synthesis of the (/?)-3-hvdroxyacyI- 
CoA monomer. Whether this PHA precursor is the'product of 
a reaction catalyzed by a hydratase (as in A. caviae), by the 
epimerase activity of the p-oxidation complex, or by a specific 
3-ketoacyi-CoA reductase is unknown. 

Given the different biosynthetic pathways, it is not surprising 
that the pha loci in the msc-PHA-forming pseudomonads are 
very different from the pha loci in the ssc-PHA-forming bac- 
teria '(Fig. 4). Genes involved in msc-PHA formation have 
been characterized from P. oleovorans (107) and P. aeruginosa 
(269). In both species, two closely linked PHA polymerases 
were identified, and PHA polymerase genes are separated by 
one open reading frame. The two pofymerases are approxi- 
mately 50% identical in their primary structure and appear 
equally active in PHA synthesis from fatty acids (106, 107) or 
glucose (102). The open reading frame between phaCl and 
phaC2 complements a mutation that prevents the utilization of 
accumulated PHA. The presence of a lipase box in the primary 
structure of the product of this gene, phaZ y and the homology 
of the gene product to other hydrolytic enzymes suggest that 
this gene encodes a PHA depolymerase (107). Downstream of 
phaCl are three genes of unknown function, which may bind to 
the PHA granules (281). 

In vivo experiments with P. putida showed that when either 
of the two PHA polymerase genes (phaCJ or phaC2) was 
introduced on a multicopy plasmid, the molecular weights of 
the PHAs decreased. These reductions were not caused bv an 
increase in PHA depolymerase activity, since the molecular 
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putida strain containing both the chromosomal phaC and a 
copy of the R. eutropha phbC on a plasmid was shown to 
accumulate individual granules composed of either P(3HB) or 
PHA (206, 268). The recent isolation of PHA polymerase 
genes from Pseudomonas sp. strain 61-3, which accumulates 
P(3HB) and P(3HB)-co-PHA granules from glucose (117), 
should provide further insights into the simultaneous metabo- 
lism of the two types of PHA. ._ 
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FIG. 10. Diosynthctic pathway for msc-PHA from carbohydrates. Monomers 
for PHA are derived from the fatty acid biosynthesis pathway as (tf)-3-hvdroxy 
acyl-ACP intermediates and are converted to (/?)-3-hydroxyacyl-CoA through an 
acyl-ACP:CoA transacylase encoded by the phaG gene. 



ratio of unsaturated to saturated monomers increases at lower 
temperature for both membrane lipids and PHA, a metabolic 
relationship between fatty acid biosynthesis and PHA forma- 
tion from glucose was suggested (102). 

Further corroboration of the involvement of fatty acid bio- 
synthesis in PHA formation for glucose and p-oxidation from 
fatty acids was obtained by inhibition experiments. Nongrow- 
ing cultures of P. putida arc able to synthesize PHA from either 
glucose or fatty acids when carbon sources are in excess. How- 
ever when cerulcnin (a fatty acid synthesis inhibitor) is added 
to such cell suspensions, no PHA is formed from glucose 
whereas PHA is still synthesized from fatty acids. Similarly, 
acrylic acid, a p-oxidation blocker, prevents the formation of 
. PHA from octanoate but not from glucose (100). 

These experiments confirmed that PHA formation from glu- 
cose is linked to fatty acid biosynthesis (Fig. 10). Since fatty 
acid biosynthesis proceeds via (/?)-3-hydroxyacyI-ACP. a new 
enzymatic activity was required that converts this intermediate 
to (/?)-3-hydroxyacyI-CoA. Recently, Rchm ct al. determined 
that the gene product of phaG is responsible for this conver- 
sion (214). 

Some Pseudomonas spp. can incorporate both ssc- and msc- 
PHA monomers in the same polymer chain. Typically, these 
PHAs are formed when these strains are crown on unrelated 
carbon source such as carbohydrates or 1.3-butanediol (2. 1 16. 
139, 255). The PHA polymerases synthesizing these ssc- and 
msc-PHAs must therefore have a very broad substrate range. 
This type of mixed PHA is probably exceptional since it has 
been shown that physical constraints prevent the formation of 
mixed granules containing both P(3HB) and msc-PHA chains. 
This was concluded from experiments where a recombinant P. 



Physiological and Genetic Regulation of PHA Production 

The regulation of PHA production is quite complex, since it 
is exerted at the physiological level, through cofactor inhibition 
of the enzymes and availability of metabolites, and at the 
genetic level, through alternative <r-factors, two-component 
regulatory systems, and autoinducing molecules. Another level 
of regulation is discussed above and relates to granule size and 
molecular weight control by levels of PHA polymerase and 
phasins. 

Several leaky mutants of/?, eutropha that have a phenotype 
of reduced P(3HB) synthesis have been isolated. Mutations in 
phbHI alter the timing of P(3HB) synthesis, suggesting a reg- 
ulatory role for the corresponding gene products. Whereas the 
wild-type strain synthesized P(3HB) to approximately 90%, 
phbHI mutants accumulated P(3HB) to 50% of their dry cell 
weight, although levels of the P(3HB) biosynthetic enzymes 
were similar in the wild-type and mutant strains. Upon contin- 
ued incubation of the mutant strain, the polyester was de- 
graded. This degradation of the polymer was not seen to an 
appreciable degree in the wild-type strain. The mutant also 
lacked the ability to transiently secrete 3HB (3 mM maximal- 
ly), in contrast to the wild-type strain, and secreted pyruvate 
temporarily up to 8 mM instead (210). 

Mapping and nucleotide sequencing of the Tni insertions 
indicated that the phbHI mutants resulted from the inactiva- 
tion of genes encoding homologs of the E. coli phosphoenol- 
pyruvate phosphotransferase system (PEP-PTS). Phbl has 
39% identity to enzyme I of E. coli and Salmonella typhi- 
murium, while phbH encodes a gene product with 35% identity 
to HPr from E. coli. S. typhimurium, and Staphylococcus aureus 
(210). The PEP-PTS is involved in the PEP-dependent uptake 
system of sugars in E. coli and S. ryphimurium (201), but HPr 
has also been implicated in regulating chcmotactic signaling in 
E. coli (74) and in regulating (redirected transcription (216). 
Pries et al. proposed that this "leaky" phenotype of phbHI 
mutants could actually be caused by aberrant regulation of the 
P(3HB) degradation pathway and suggested that the activity of 
the P(3HB)-degrading enzymes was controlled by phosphory- 
lation through metabolic signaling that involves a PEP-PTS 
(210). ~ 

Mutants with mutations in phaL compose a second class of 
leaky mutants of/?, eutropha. This gene encodes the lipoamidc 
dehydrogenase component of the pyruvate dehydrogenase en- 
zyme complex. The phaL mutation resulted in the accumula- 
tion of only one-third of the normal amount of P(3HB). In- 
stead of funneling excess carbon into P(3HB) upon nitrogen 
limitation, this mutant secreted pyruvate up to 33 mM. After 
the complete consumption of the initial carbon source (fruc- 
tose), pyruvate was utilized as the carbon source. Apparently 
the phaL mutation results in a decreased flux of carbon into 
acetyl-CoA and the TCA cycle. As a consequence, the cells do 
not efficiently metabolize pyruvate upon nitrogen exhaustion 
and secrete this intermediate. It is of interest that these mu- 
tants grow as well as the wild type, as it was expected that a 
decreased flux through the TCA cycle would affect the growth 
rate. Although \\\c phaL mutation is a Tnj insertion within the 
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gene, the mutant still has residual lipoamide dehydrogenase 
activity. Indeed, it has been shown that R eutropha has two 
enzymes that specify this activity. The regulation of these two 
genes and the role of the second lipoamide dehydrogenase 
remain to be determined (209). 

Azotobacter vinelandii UWD is a mutant strain that synthe- 
sizes P(3HB) during growth (184). This strain is impaired in 
NADH oxidase and uses the NADH-NADP transhydrogenase 
and P(3HB) synthesis to regenerate NAD during growth (158) 
The increased NAD PH level that results from this mutation 
causes inhibition of citrate synthase and the TCA cycle. Con- 
sequently, acetyl-CoA accumulates and is converted to P(3HB) 
through the NADPH-dependent pathway. This branch point in 
acetyl-CoA metabolism to either the citric acid cycle or 
P(3HB) biosynthesis is also important in R eutropha (89). Park 
et al. created an increased flux of acetyl-CoA to P(3HB) pro- 
duction by introducing a leaky mutation in the isocitrate de- 
hydrogenase of R eutropha (188). These findings indicate the 
importance of the redox balance in the cell in the control of 
PHB formation. 

In Acinetobacter spp. P(3HB) synthesis is stimulated by low 
phosphate concentrations. A promoter that might be respon- 
sible for this regulation was identified by primer extension 
analysis and found to contain a sequence that is homologous to 
ihe pho box identified in E. colt. Whereas all three phb genes 
appear to be preceded by a promoter region, the phosphate- 
inducible promoter is only found upstream of the first gene, 
phaB. This could indicate that for efficient P(3HB) synthesis' 
the reductase enzyme is limiting and only under conditions of 
phosphate limitation is the P(3HB) biosynthetic pathway op- 
timally induced (233). 

Regulation of PHA synthesis in Pseudomonas has been stud- 
ied to a limited extent. Many pseudomonads are able to syn- 
thesize PHAs by two different pathways: through fatty acid 
biosynthesis when grown on gluconate or through fatty acid 
degradation when grown on fatty acids. The two PHA poly- 
merases that have been identified in P. putida are functional in 
either of the two biosynthetic pathways (102). In P. aeruginosa, 
the pathway from gluconate is strictly controlled by RpoN, the 
a 3 subunit of RNA polymerase, while the pathway from fatty 
acids is completely a M independent (269). In contrast to other 
msc-PHA producers, P. putida KT2442 synthesizes PHA dur- 
ing exponential growth when grown on fatty acids (106). Re- 
cently, the involvement of a two-component system homolo- 
gous to the sensor kinase/response regulator couple LemA- 
GacA was found to regulate PHA synthesis in this strain (15). 
LemA, GacA, and their homologs can sense environmental 
conditions and relay these signals to control the expression of 
a diverse set of genes (30, 71, 95, 137, 228, 294). Given the 
potential role of PHAs in nature as a store of excess carbon 
and reducing equivalents, it is not unlikely that PHA formation 
is part of a regulon that is controlled by growth conditions. 

The synthesis of P(3HB) in Vibrio harveyi is regulated by a 
3-hydroxybutyryl-homoserine lactone (258), a signaling mole- 
cule that accumulates at high cell densities. A variety of mi- 
croorganisms regulate the expression of genes at high cell 
density with such acyl-homoserine lactone derivatives (66). 
The possible involvement of such signals is consistent with the 
preferred production of PHAs in stationary phase. Since it was 
recently shown that GacA homologs and acyl-homoserine lac- 
tone derivatives may work through a common signaling path- 
way (137, 215), the regulatory circuits active on the PHA regu- 
on become more complex. Further studies will clarify whether 
PHA accumulation is generally regulated by these signals and 
signal transducers and how environmental information is re- 
ayed to the PHA biosynthetic genes. 
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1099-2736 


591-2741 


mn 


N. corralina 


471-2156 


551-2587 


95.3 


P. aeruginosa 1 


1200-2945 


1472-2935 


o/.l 


P. aeruginosa 2 


4259-5941 


4687-6096 


/H.O 


P. denitrificans 


662-2536 


205-1605 


50.3 


P, oleovorans 1 


552-2233 


492-1908 


80.6 


P. oleovorans 2 


3217-4950 


3093-5063 


100 


R eutropha 


842-2611 


1075-2619 


86.8 


R etli 


121-2031 


48-1400 


67.0 


R meliloti 


316-2049 


<1-I934 


93.4 


R sphaeroides 


1023-2828 


91&-2773 


97.1 


R ruber 


786-2462 


119-2419 


97.4 


Synechocystis 


2242-3378 


None 


T. violacea 


3028-4095 


2028-4016 


926 


Z. ramigera 


740-2470 


733-2373 


94.4 ■? 



'The location of the coding regions with respect to the reported pha se- 
quences is indicated. 

6 The percent overlap indicates the length of the phaC gene that has phaQ 
sequence on the complementary strand as part of the length of phaC. It is 
unknown whether phaQ represents coding information for an actual protein or 
RNA molecule. 



A hitherto unnoticed open reading frame (phaQ) is located 
on the opposite strand of all but two of the phaC genes (Table 
3) (103). It is unknown whether this putative open reading 
frame is transcribed. Proteins possibly encoded by phaQ have 
no similarity to any other protein in the GenBank database. 
We can therefore only speculate on a function of this open 
reading frame, and a protein or RNA originating from this 
locus could be involved in regulating PHA metabolism. 

Maintenance of Redox Balance in Nitrogen-Fixing Bacteria 

PHA formation in Rhizobium spp. is not commonly studied 
for reasons of PHA production, but it provides an excellent 
example of the interplay between cellular metabolism and 
polyester formation. The symbiosis of Rhizobium. species with 
their host plants provides the plant with a system to fix atmo- 
spheric nitrogen through the action of the bacterial nitroge- 
nases in the bacteroid. The complex development of Rhizo- 
bium bacteria from free-living cells to bacteroids inside the 
plant vacuoles after infection of the plant root system is an 
important subject of study for the development of more effi- 
cient plant crops. Werner et al. have indicated that the activ- 
ities of the enzymes acting on the amino acid pool of the 
bacteroid are directly related to the effectiveness of the nod- 
ules in nitrogen fixation (288). Bergersen et al. postulated that 
P(3HB) plays a role in the physiology of bacteroids in the 
nodule (11). The metabolic activity of the bacteroid is thus 
critical for the establishment of successful symbiosis. 

Transposon mutants of RItizobium meliloti with defects in 
P(3HB) formation were generated and examined for their ef- 
fects in symbiosis. The phenotypes of four P(3HB)-negative 
mutants were similar to that of the wild-type strain with respect 
to induction of nodule formation on alfalfa (Medicago sativa). 
In addition, the ethyiene-reducing activity, a measure of the 
nitrogenase activity, was also not affected in these phb mutants. 
Such results prompted the conclusion that efficient symbiosis 
between R. meliloti and alfalfa is not affected by alterations in 
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the P(3HB) metabolic pathways (203). This finding is actually 
d n e° P S5 n HBf (2).' meUl0ti baCter ° idS do no < 

m S bil ? ? f * m f^»" t° form P(3HB) in the bacteroid 
y JLm w'? W aCt,vit y of the NADPH-dependent malic 
enzyme (49). Malate and other four-carbon dicarboScTcids 
are proved by the plant and are the preferred cSSEu'S 

d^S rh, , t °f (256) " faCt - mUtants with muta »ons in 
either the uptake system for these substrates or the malic 

ZTZn are r sevcre, y affected ^ nitrogen fixation. R. JSi 
™ of W M<* is NADH dependen 
(encoded by dme) and the other of which is NADPH de D en- 
dent (encoded by one). Whereas Dme and Tmeare boS- 

S d .T StatC ' Tme ex P ressio " is pressed 

specifically ,n the bactero.d whereas Dme is inhibited by acetyl- 

£nt f. <! 0nse ;? uence > P (3HB) formation is inhibited be- 
cause too little substrate and too few reducing equivalents are 
present in the R meliloti bacteroid to pull acetyl-CoA to 3-hv 
/tfmav^;^ ( f HA). mu P s, metabo.S f^Znt 
Idoti may have evolved so that P(3HB) is not formed in the 
bacteroid, since P(3HB) formation do<4 not benefit the sym- 

In contrast to R meliloti, R etli does form P(3HB) in both 
the free-living and bacteroid state ; R etli CE3 is autotrophic 
for biotm and th.amm, cofactors for pyruvate dehydrogenase 
and a-ketoglutarate dehydrogenase, respectively, and In the 

leve.rL° f thCS , e TT nS P(3HB > Was ^ulated io h gh 
levels As a result of these auxotrophies, the TCA cycle cannot 

"eTthTrr? T in the acrobic free - ,ivin * «2?«2fS 

role of the TCA cycle as an overflow mechanism for carbon 
and reducing equivalents appears to be taken over by Pf3HB> 
H°h (53) - A P ( 3HB ) ne 8 a "ve mutant of R e/was con- 
n£c t y , ^ r,1 ° n ° f a " antibio,ic resistance marker in the 
e\«r<J mUtmt S,rain was S rowth im Paired when 

I n»T Pr Va,, L WaS the carbon sourcc b«t not when suc- 
c mate was the carbon source. On succinate the mutant ex- 

NAD .Tn fn» eVC,S ° f ° r8anic acids and had a *™« ratio of 
NAD to NADH compared to the parent strain (23). These 
data underscore the importance of P(3HB) forma ion for 
mamtaimng the redox balance and supporting a functioS 

m ,!, n ^? n !h aSt ^ ,hC u i,d typC S,rai "' nodulcs of the * etBphaC 
Sch fi,il T, f hCr a " d P roIo "Sed nitrogenase activity, 
wh,ch fixes atmospheric nurogen into ammonium ions. As a 
consequence, plants inoculated with the phaC mutants had a 

fnte ' tr ° 8Cn con,er " P)- 11 ^s proposed that the increase 
in /educng equ.valents .n the absence of P(3HB) formation is 
used by nitrogenase, similar to a Rhodobacter sphaeroides 
£"7 e ff mu tam which uses the increased reductive 

S the* 5? mHpf " erm,: ° n (,09) - 11,6 resuI,s obtained 

wuh the ft «/, P(3HB)-negative mutant led to an explanation 
for the efl,c.ency of alfalfa nodules in nitrogen fixation These 

P^HBJ-neganve ft meWon, which leads to an increased avail- 
ability of reducing power for the nitrogenase enzyme (90) 
Apparently, nature has evolved the alfalfa-/?. meldoti symbiosis 
£ improve nitrogen fixation by preventing P(3HB) formation. 
Prmmr ■ s y mb,osis wi * P ea bas not selected aaainst 
™ fo , rrnat,on ,s a ^^ry but prompts one to believe that 
' . ' P' 8 * 8 another role in this relationship, possibly for 
survival of R etli in the free-living state (23). 

Hahn et al. studied the nif region of Bradyrhhobium japoni- 
cum and found that Tn5 mutants in the nitroecnase-encodino 
niju nifK, and nifH genes resulted in increased P(3HB) accu- 
mulation (76). Apparently, the absence of nitroeen fixation in 
these B.japomctim mutants also results in an encrev siatus of 
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ShrV ™ ^ mCrCaSed P(3HB) S y nthesis - 11 seems that 
P(3HB) synthesis serves as an alternative pathway in these 
mutants for the regeneration of reducing equivalent 

Studies of amino acid uptake mutants in R legumindsarum 
have also mdicated a Unk between amino acid mffiE! Z ?d 
P(3HB) formation (Fig. 11B). A general amino add permease 
(AapVwh^h imports amino acids or exports gluta™™** 

JZ£ fiCd thlS . organism - Hoover, when gluTamate is 
secreted no ammo acids are taken up. Mutants with reduced 
activity of this transporter were isolafcd based on he? resTs 
tance to aspartate, and the corresponding mutatS were 
mapped in genes encoding the TCA cycle enzymes succ^nvl- 
CoA synthetase (sucCD) and 2-oxoglutarate IhydrogS 

££m" d C SSS ° f mU,ants bad mutations fa^Sc 
encoding P(3HB) po ymerase. The increased secretion of riu-' 
tamate due to rn.itat.ons in either the TCA cycle or P(3HB) 
synthesis prevented aspartate uptake to confer the resistanci 
phenotype. Glutamate therefore' appears not to be imponan 
as a carbon and energy source; instead, the synthesis and se- 
cretion of glutamate is important to balance carbon and re- 
ducing equivalents, especially in the absence' of a functional 
TCA cycle or PHB pathway. Because bacteroids are typical 
anaerobic, the TCA cycle requires cofactor regeneration bv 
other means than oxidation with molecular oxygen. Appar- 

ro"?^) 8 mate SymheSiS a " d P(3HB) Synth ^ is ^ *>* 
In the bacteroid stage, the nitrogen fixation apparatus is 
competing with P(3HB) formation for reducing equiva e .t 
Muobiurr .apparently evolved mechanisms to maintln a func-' 

S a Sf,? r dCr anae ™ bic or ""croaerobic conditions 
(Fig. HQ. In the bacteroid, the reducing equivalents arc used 

for PHHmf ,0 " '° S " PP ? rt ^ bbsis - but they can be used 
for P(3HB) formation as well. In the free-living state, nitroae- 
nase is not expressed and P(3HB) plays a role as a sink for 
excess NAD(P)H when the TCA cy^fe is' not completely active 

y I- ^mI'^ow ' eVCls ° f the three different pathways to 
oxidize NAD(P)H, different Rhizobium spp. have evolved a 
variety of symbiotic conditions. cvoivea a 

Conclusions 



PHA biosynthesis proceeds through the action of only a few 
enzymes, which arc specifically involved in PHA formation 
me genes encoding these enzymes are essential for PHA for- 

HT n ; 'rVuf'u"' 3 ra " gC of olher ac,ivi,i « affect the 
amount of PHA that ,s accumulated, including enzymes that 
are mvolved m central metabolism, global metabolic refla- 
tion, or control and maintenance of the surface of PHA gran- 
ules (Fig. 12). Taken together, these molecular ccnctic^dan 
prov.de a ghmpse of the complexity of PHA metabolism. Since 
1 HA formation is dependent on the fluxes in central metabolic 
pathways and the levels of precursors, a detailed knowledge of 
the molecular physiology of PHA metabolism is critical for 
successful implementation of transgenic PHA producers Un- 
like the production of heterologous proteins, which relies 
mostly on sufficient gene expression, recombinant PHA pro- 
ducnon involves coordinated expression of heterologous en- 
zymes over a prolonged period and with a concomitant redi- 
rection of the metabolism of the host. As a consequence of the 
metabolic changes introduced by expressing the pha and phb 
genes, the cell will induce its own responses, which arc not 
necessarily favorable for PHA production. It is therefore crit- 
ical to understand how bacteria normally resjulaic PHA for- 
mat.on and how undesired responses from a recombinant host 
can be prevented. Only then can recombinant processes be 



6 MADISON AND HUISMAN 



Microbiol. Mol. Biol Rev. 



A. 



NADP 



NADPH • 



malate 




NAD NADH 

pyruvate 

acetyl-CoA 



NAD NADH / AA-CoA 



3HB-CoA 
PHB 



B. 



acetyl-CoA — 
AA-CoA 

± NADPH; 

r**-NADP j 

3HB-COA j 
Sit 1 

PHB 




aspartate 



ot-ketog!utarate 
succinyl CoA 



\ 



succo; 



+o 2 






»~ NAD(P) 


H 2 oV 














— NAD(P)H 



J 



PhbABC/ 
N 2 ase 



* the V m c malic enzyme «, not jessed whi.e 

Tme and Dmc ore active and P(3HB) foLtion bta^ S^ P(3 ?- B) p3thway * In thc frcc ' Iivin S however, 

mion. and amino acid metabolism is apparent from stufe ofT R i J^Z J ( , ,Mlk ,n Cenlral metabolism between the TCA evele, P(3HB) 

on increased secretion of oluiamate ™* incr^ i * ^ntnosanmx ammo ac.d permease. Mutants that arc less sensitive to high levels of aspartate 
ding a TCA cycle enzvme VT" by in f hibiti ° n ° f ,he TCA «* clc ™ hc ' ** * 

ased reducing equivalents mhibVc^^ ° f P < 3HB > «* TCA cycle cannot function optimallv.'s nee 

mote. (C) Recycling of reducing equivalents in R^^T^^^^ l^^Z^^^F * which * inverted to 

cycle active in the anaerobic bacteroid. P(3HB) biosynthesis and ni^™^ „«Wi^H ^ m P ortant .P a "^^upply.ng precursors of amino acids. To keep the 
eulate the three NAD(P)H-o,idizing pathways in oTZ^6 ^ ' ^ » havc « 0,ved means 



cssfuily developed and lead to what are expected to be the 
t efficient PHA production processes. 

RODUCTION OF PHAs BY NATURAL ORGANISMS 

ie different examples provided in the previous section il- 
ate the diversity of the microbiaJ communiry with respect . 



to different metabolic pathways that are prominent in bacteria! 
species isolated from different sources but that al! lead to the 
formation of PHAs. It is this diversity of pathways that pro- 
vides the bricks for the construction of an optimal recombinant 
PHA producer. Those optimal recombinant PHA producers 
can be evaluated only in the context of the wild-type organisms 
Therefore, in this section the state of the art in PHA^produc- 
tion by natural organisms is described to provide the back- 
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to increase productivities for industrial-scale operations. Pro- 
duction studies with the three most extensively studied organ- 
isms are described and are followed by a section on the use of 
raw but cheap carbon sources for PHA formation by other 
organisms. 



HB-CoA H>- PHB -0=- 3HB 

*m paw 



citrate 

FIG. 12. Ancillary genes encoding enzymes and proteins that affect PHA 
accumulation. Three enzymes encoded by three genes are essential for P(3HB) 
formation. Several other gene products, however, affect P(3HB) formation, and 
mutations in the corresponding genes may decrease P(3HB) .levels. Such en- 
zymes and proteins can act on different aspects of P(3HB) formation: monomer 
supply, cofactor regeneration, granule assembly, or polymer degradation. 



ground information needed to assess the, merits and prospects 
of recombinant organisms. 

P(3HB) was the only PHA known for almost 50 years until 
Wallen and Rohwedder (282) identified a number of addi- 
tional 3-hydroxy fatty acids in active-sludge samples The major 
force to commercialize PHAs was Imperial Chemical Indus- 
tries, Ltd. (ICI), in the 1970s. Several bacterial species were 
evaluated as potential production organisms. The low cost of 
methanol and Id's experience with fermentations of methanol 
utilizers made methylotrophic bacteria the obvious first choice. 
However, the amount of polymer produced per cell was insuf- 
ficient and its molecular weight was too low for the envisaged 
applications. The second organism of choice was Azotobacter, 
since it was microbiologically well understood and was recog- 
nized as a putative production organism. However, the studied 
strains were unstable and secreted polysaccharides. Obviously, 
the formation of any by-product is undesirable and should be 
kept to a minimum since it directly impacts the yield of prod- 
uct. The third organism of choice was ft eutropha, which pro- 
duced high-molecular-weight P(3HB) on fructose. Accumula- 
tion of P(3HB) by ft eutropha proceeds preferentially under 
nitrogen- or phosphate-limiting conditions. The resulting pro- 
duction process with this bacterium was in 200,000-liter stirred 
fermentation vessels (20). 

The first copolymer that was produced in fermentation sys- 
tems also initiated the subsequent surge in interest in PHAs. A 
patent by Holmes described the controlled synthesis of P(3HB- 
3HV), in which the 3HV fraction in the polymer could be 
controlled by the concentration of propionate in the growth 
medium (92). After the discovery of polyhydroxyoctanoate 
|P(3HO-3HH)) (Fig. l) in octane-grown ft oleovorans (41), the 
range of different constituents of PHAs expanded rapidly, and 
currently close to 100 different PHA monomers have been 
identified (254). 

Comparison of PHA production by different organisms is 
generally not informative, due to the diversity of PHAs, pro- 
duction organisms, substrates, and growth conditions used by 
different laboratories. One should also consider that the ratio- 
nale for the various studies may be different and that the 
different experimental details render the results not compara- 
ble. In sophisticated fermentation systems, higher cell densities 
can be obtained, which inherently lead to higher productivities 
per unit volume. In this section, we describe the different 
procedures that have been used to study the production of 
PHAs. The results are therefore generally presented in terms 
of "PHA accumulation as the percentage of the cell dry 
weight" and "monomer composition as the percentage of the 
polymer." In general, these studies provide strategies and clues 



Ralstonia eutropha 

K eutropha was the production organism of choice for ICI in 
the development of commercial production facilities for 
P(3HB-3HV) (20). This microorganism grows well in minimal 
medium at 30°C on a multitude of carbon sources but not on 
glucose. A glucose-utilizing mutant was therefore selected and 
used to produce P(3HB-3HV) at a scale of 300 tons per year 
(21). Chemie Linz GmbH, Linz, Austria, produced P(3HB) 
from sucrose at up to 1,000 kg per week by using Alcaligenes 
latus. A latus is substantially different from ft. eutropha and 
produces P(3HB) during exponential growth, whereas ft eu- 
(79 ^) d0eS Staft formation until statior| ary phase 
The literature on PHA production by ft eutropha is some- 
what confusing due to the different strains that have been used. 
The three strains that have been studied most extensively are 
the original P(3HB) producer H16 (ATCC 17699) and its glu- 
cose-utilizing mutant known as 11599 in the NCIMB collec- 
tion. Other well-studied strains are ATCC 17697 T , ft eutropha 
SH-69, and a natural isolate, Alcaligenes sp. strain AK201. R. 
eutropha has been studied intensively for potential copolymer 
formation to expand the properties range of ssc-PHAs. Two 
cultivation techniques have generally been used. In batch ex- 
periments, both cell growth and PHA formation are examined 
in the same medium. In nitrogen-free experiments, cells are 
pregrown in rich medium and then resuspended in a medium 
lacking a nitrogen source but with the carbon source of choice. 

Feeding strategies for PHA copolymer production. The first 
comonomer that was incorporated into P(3HB) in a defined 
growth medium was 3HV (92). 3HV can be formed by con- 
densation of propionyl-CoA with acetyl-CoA by P-kctoacyl- 
CoA thiolase, followed by reduction to 3HV-CoA. By varyino 
the ratio of acetate and propionate in the substrate, ft eutro- 
pha H16 accumulates P(3HB-3HV) up to 50% of the cell dry 
weight, with 3HV levels varying between 0 and 45% (46). Bv 
using I3 C-Iabeled carbon sources, it was established that the 
P(3HB-3HV) biosynthetic pathway is through 3-ketoacyl-CoA 
thiolase, acetoacetyl-CoA reductase, and P(3HB) polymerase. 
When valerate was supplied as the carbon source to R eutro- 
pha NCIMB 11599, the HV fraction in the polymer was 85%. 
When mixtures of 5-chlorovaIerate and valerate were used 
terpolyesters were formed containing 3HB, 3HV, and 5HV 
monomers lip to 46% of the cell dry weight and with 52% 5H V 
monomer (47). R. eutropha HI6 and~ft. eutropha NCIMB 
11599 were directly compared in experiments where bury rate 
and valerate were used as the carbon source. NCIMB 11599 
was able to direct more 3HV monomer to P(3HB-3H V) (90% 
3HV) than was H16 (75%). Also, the molecular wciaht of the 
polymer produced by NCIMB 11599 was consistently higher. 
By using 13 C-labcled carbon sources, it was established^ at 
these fatly acids were converted to P(3HB-3HV) without un- 
dergoing complete degradation to acetyl-CoA and propionvl- 
CoA. This means that cither the (S)-3-hydroxyacyI-CoA or 
3-ketoacyl-CoA is directly converted into monomer. Interest- 
ingly, this pathway operates in the presence of a nitrogen 
source, in contrast to the pathway from fructose (48). il is 
possible that inhibition of thiolase during active metabolism of 
carbohydrates prevents P(3HB) formation during arowth 
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zschZl P ? Way l S l ! nVO,Ves onl * reductase ™* Polymer- 
ase is insensitive to this inhibition turner 

droJSrt uuSfT^ ^polyesters of 3HB and 4-hy- 
uroxyoutyrate (4HB) from mixtures of butyrate and 4HR fi w 

actone (131). With such mixtures of carbon sources pha 
levels reach 40% of the cell dry weight whh 4HB ev s 
37%. As a result of the increased 4HB fraction a lovveTmehi™ 

£ate Z^aZ fZ un n M e ° bt , ained ( 131 )- M ™res of bu- 
4HB 3HVW ' ? HB Cd 10 the accu "i">ation of a P(3HB- 
riS^T 0 with U P 45% 4HB and 23% 3HV 

(1^2). Even higher incorporation levels were achieved wfth 
mutants of R. eM ro P ha Hlo that cannot use vafera oMHB s 
the carbon source. When such mutants are tested for copolv 

may be sS,^ •° l ' gh / he t0,al amount of accumulated PHA 
fi,2hT in SUCh mutams ' ,he y have g^t promise for 

further use >n controlled fermentation systems whSeTnother 
carbon source ,s available to support growth ' 

3HV?fc SP - Stra i n AK201 has been stu d«ed for P(3HB- 

up 25% I ?h n e°c n e .f ^ ?" y ^ P < 3HB > was 
PPHB-3H v( fit fn d Z W, l ht °" C — fa «y acids, whereas 

weight of the PHA formed was carbon source dependent and 
acc u ™u,.d ,„ 50 4 ,o 6& ofX 5™'^°^^ 

EH?™- 

Copolymer production from central metabolites At hioh 

nvl rn a • monomers h avc therefore been explored Prooio- 
nv -CoA ,s an intermediate in the degradation pathwTof 

his sr 11 " 6, and iso,eucine ' and ««••« wis ° f 

Rris a oro^ S,e K d «" P < 3HB - 3HV ) Production /? 
^ u r » Prototrophic revertant of an isoleucine 9 „ m 

p «o 7%3HvT /, f H16 and , accumu,a,es ^ssk^s; 

. P '" 7 ? jHV on fruct <*C gluconate, succinate, acetate and 
actate. To compensate for a threonine dehydratase mutation 
l yopha R3 overproduces acetolactate^n hfse and " 
ieficf/ 3 mC S ° me ,eUCine and 'soleucineO/nder ni ' 
cfds " ke°ro f ° nS ' 1 h ° WeVer ' ' he P reCursors of these amlo 

iVl-CoA intermediate (251) (Fio m S propio- 

Addition to threonine, isoleucine, and valine to cultures nf 
-auropha SH-69 resulted in the incorporation of S 41 „d 
3% 3HV respect.vely. Whereas threonine is toxic at hfoh 

?o n d C uc t t " t, ° nS , and C ° nSeqUem, y reduces biornass and PHA 
rodi.ct.on. .soleucne and valine are not toxic uo to cnn,w 

jaon. of 50 mM When the concentration of'ami o c d 
•pplements exceeds 10 mM. the fraction of 3H V in Z ? P S? 
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FIG. 13. Endogenous formation of propionvl-CoA in ft D1 . . 

has altered metabolism of the branched<h a ramino ZL ^tl^^ 
produces the acetolactate synthase wwximatetoH ?fnM ft ° VCr " 

SSSS. ' HC SU " , ~°" °< * medium wiC^oK; 



mer is directly related to the concentration of the amino acid 

^HYflom'tf- eMmpha ? CIMB 11599 does ™ 
3HV from threonine and incorporates only up to 2% from 

.soleucne or valine (302). When R eutropha H16 was rew- 

pended in Na + - or 0 2 -Iimi,ing medium with threonTne as th, 

^carbon source, 6% PHA with 5% 3HV wa^cumulated 

These types of experiments prove that alternative cell-de 
nved substrates can be used for P(3HB-3HV) symheS and 
•ha, supplementation of carbon sources for aUernate PH^ 
monomers can be cicumvented. Metabolic engineering of new 
PHA monomer b.osynthetic pathways such as from the threo- 
nine pathway can thus lead to new P(3HB-3HV)-produdn2 
strams. The pathways involved in the biosynthesis of threonine 
soleucne, and valine are well characterized inTcrS 

P oduceX a n C nh P^OdUCerS, an . d enS ' neered £ s,rai "* "a" 
produre 79 g of threonine per liter are commercially exploited 

„„ nf P 0mb ' nat,on of developments in metabolic engineer 
be'nefitTor ^et " d ^ P 8 "^ pr ° VideS 3 treme "^ 

SKr K aid in the 

Fed-batch and continuous culture. The preceding bara 
graphs show that the composition of ssc-PHAs is AsSLK 
by multiple factors. The substrate for grow t^d PHA S a - 
Uon ,s an obv,ous parameter. More important is that cemral 
metabohsm, espedally amino acid metabolism, plavs an impo" 
tarn r0 |e. Recognition of such phenomena allow! the me SSc 
engmeer to des.gn PHA-producing strains able to accumulate 
materials with a number of different compositions. ThTnSxt 
paragraphs describe in more detail how* eutropha is prow" To 
obtam PHAs in large quantities from different farbonYources 
K eutropha NC1MB 11599 has been studied intensive ly?„ 
; de " S,ty fermentati °n ""dies. To reach cell densities 
of 100 goiter, a fed-batch mode is the preferred way of o'e" 
ation. In fed-batch fermentations, the addition of nutri ms is 
tnggered by specific changes in the growth medium as a resu 
of deplenon of one of the required medium components Bv 
using a pH-regulated system for alucose V 
P(3HB) was produced to'lO gflfcr or Tl%oi 7! tZl s^ta 
productiviry of 0.25 grtiter/h. Because the P H increaTe in e 
sponse ,o carbon limitation is slow f or Js strain Tmprove 
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ments were sought by using the dissolved-oxygen value as the 
trigger for further glucose addition (DO-stat). When nitrogen 
was made limiting at a biomass of 70 g/liter and using a DO- 
stat, P(3HB) was produced to 121 g/liter, corresponding to 
75% of the biomass, with a productivity of 2.42 g/liter/h. The 
yield of P(3HB) was 0.3 g/g of glucose (121). Since pH control 
under nitrogen-limiting conditions is achieved by the addition 
of NaOH, problems occur at high densities in large volumes 
because of the toxicity of highly concentrated hydroxide (230). 
In addition, it is very important to maintain phosphate and 
magnesium ion levels above 0.35 g/Iiter and 10 rag/liter, re- 
spectively (8). Ryu et al therefore studied P(3HB) formation 
under phosphate-limiting conditions where the pH is con- 
trolled by ammonium hydroxide. Under these conditions, 
P(3HB) levels of 232 g/liter (80% of the cell dry weight) were 
obtained with a productivity of 3.14 g/liter/h (230). R eutropha 
NCIMB 11599 was subsequently grown on tapioca hydrolysate 
(90% glucose) as a potential cheap carbon source, but unfor- 
tunately the presence of toxic compounds, possibly cyanate, in 
the substrate limited productivity to 1 g/liter/h for a 60-h fer- 
mentation (120). 

Continuous-culture studies have shown that the theoretical 
maximal yield of P(3HB) on glucose (0.48 g/g) can be ap- 
proached to within 5% at a growth rate of 0.05 h" 1 (88). Such 
studies also indicated the importance of the growth rate on 
3HV incorporation when a fructose-valerate mixture was used 
as the substrate (128). At dilution rates varying from 0.06 to 
0.32, the 3HV content increased from 11 to 79%. Because the 
toxicity of propionate is pH dependent, P(3HB-3HV) copoly- 
mers with different 3HV contents can be produced by varying 
the pH of the culture as well (27). As described above, R 
eutropha SH-69 accumulates P(3HB-3HV) from glucose as the 
only carbon source. For this strain, the 3HV fraction in the 
copolymer is strongly dependent on the glucose concentration 
in the medium. Maximal accumulation of P(3HB-3HV) occurs 
with 2 to 3% glucose and a dissolved oxygen concentration of 
at least 20%. Unfortunately, a 20% 3HV content is not ob- 
tained until 6% glucose is supplied (226). R eutropha DSM 545 
produces P(3HB-3HV) from glucose and propionate in fed- 
batch fermentations under conditions of nitrogen limitation 
and low dissolved oxygen concentrations. The yield of 3HB on 
glucose is independent of the dissolved-oxygen concentration, 
but the HV content is lower at high than" at low dissolved- 
oxygen concentrations (21 and 29%, respectively) (351). The 
optimal conditions for 3HV incorporation appear to be deter- 
mined by multiple parameters. As a consequence, the P(3HB- 
3HV) composition will be influenced to a large extent by the 
design and setup of the complete process. 

Methylobacterium 

Methanol is a relatively cheap carbon source and therefore 
is potentially useful as a substrate for PHA formation (204). 
Suzuki et ( al. demonstrated the feasibility of this concept in a 
series of experiments on P(3HB) formation by Protomonas 
extorquens sp. strain K (259-262). In a fully automated fed- 
balch culture, 136 g of P(3HB) per liter was formed in 175 h 
with a yield of 0.18 g of PHB per g of substrate. This polymer 
had a molecular mass of 300,000 Da. Improvement of the 
medium composition increased producing to 149 g/liter in 
170 h (260, 261 ). The effect of physiological parameters such as 
temperature, pH, and methanol concentration were subse- 
quently studied under the optimized conditions (259). When 
the growth temperature and pH were drastically different from 
the optimal conditions (30°C at pH 7.0), the molecular weight 
of the produced P(3HB) was significantly higher. However. 



such conditions also resulted in a dramatically reduced yield of 
P(3HB). The methanol concentration, on the other hand, 
proved to be a useful parameter for molecular weight control! 
At methanol concentrations of 0.05 to 2 g/liter, P(3HB) was 
deposited to 50 and 60% of the cell dry weight with molecular 
masses ranging from 70,000 to 600,000 Da. At higher methanol 
concentrations, the yield dropped to 30% and the molecular 
mass dropped to 30,000 Da (259). By using a slow methanol 
feed to prevent oxygen limitation in a fed-batch fermentation, 
P(3HB) was accumulated to 45% of the cell dry weight corre- 
sponding to 0.56 g/liter/h with a yield on methanol of 0.20 (14). 
As a result of the slow feed, a molecular mass of over 1,000,000 
Da could be obtained. 

By using a natural isolate of Methylobacterium extorquens, 
P(3HB-3HV) copolymers were produced from methanol-val- 
erate mixtures. The optimal fermentation conditions consisted 
of a methanol concentration of 1.7 g/liter, and the addition of 
a complex nitrogen source. Under these conditions, P(3HB) 
was accumulated to 30% of the cell dry weight with a molec- 
ular mass of 250,000 Da (13). Still other isolates such as Methyl- 
obacterium sp. strain KCTO0048 have been studied for copol- 
ymer synthesis. This organism accumulates P(3HB-3HV), 
P(3HB-4HB), .and poly(3-hydroxybutyrate-co-3-hydroxypropi- 
onate) (P[3HB-3HP]) to 30% of the cell dry weight with frac- 
tions of 3HV up to 0.7, 4HB up to 0.13, and 3HP up to 0 11 
(115). 

Whereas M. extorquens incorporates the methanol-derived 
formic acid into the serine pathway, another PHA producer, P. 
denitrificans, reduces formation to C0 2 , which is subsequently 
fixed by the ribulose bisphosphate pathway. Interestingly, these 
different pathways have clear effects on P(3HB-3HV) forma- 
tion by these organisms (272). M. extorquens synthesizes 50% 
more PHA than P. denitrificans, while the latter incorporates 
twice as much 3HV on methanol-pentanolmixtures. The 3H V 
fraction in the PHA produced by P. denitrificans reaches 0.84 
and is based on a relatively small amount of 3HB precursor. 
Under controlled growth conditions with pentanol as the only 
growth substrate, P. denitrificans accumulates PHV as a ho- 
mo polymer up to 55% of its cell dry weight (300). 

Psettdomonas 

The PHA biosynthetic machinery of P. putida is most active 
toward monomers in the C R to C l0 range. Because long-sidc- 
chain fatty acids such as oleate (C, fi:l ) need to be converted in 
multiple rounds of the p-oxidation pathway before the result- 
ing C R and C 10 monomers can be incorporated, these sub- 
strates are less efficiently converted to PHA than is octanoalc. 
Oleic acid, for instance, has to yield 4 acetyl-CoA molecules 
before a C J0 monomer can be incorporated. This conversion 
yields 20 ATP equivalents in the reduction steps, which is 
unlikely to occur at a time when excess energy cannot be 
dissipated. In contrast, decanoic acid and octanoic acid yield 2 
ATP equivalents before being incorporated into msc-PHA. As 
a consequence, the polymer yields per cell arc often higher 
when medium-chain fatty acids are used. Unfortunately. "me- 
dium-chain fatty acids are generally more expensive, and there- 
fore a compromise between substrate price and conversion 
yield is being sought. 

msc-PHA formation by Pseudomonas from fatty acids. Inex- 
pensive substrates have been tested for PHA production by 
Pseudomonas species. Tallow is an inexpensive fat that suffers 
a production overcapacity. Since it is a mixture of triglycerides 
with oleic, stearic, and palmitic acids as major fatty acid com- 
ponents, tallow represents an interesting substrate for PHA 
production. Although some of the better characterized Pseudo- 
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PHA Production by Other Microorganisms 
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the culture facilitates the fermentation process. The 3HV con- 
tent and the final amount of PHA accumulated are pH depen- 
dent in this bacterium. The 3HV fraction varies from 15. to 
43% between pH values of 7.3 and 5.9, establishing an addi- 
tional means of controlling PHA composition besides substrate 
concentration. Under optimal conditions, PHA was accumu- 
lated to 67% of the cell dry weight (264). 

Agrobacterium sp. strains SH-1 and GW-014 were isolated 
from activated sludge as organisms that accumulate P(3HB- 
3HV) from glucose. Depending on the carbon source, accu- 
mulation levels of 30 to 80% PHA with 3 to 11% 3HV were 
obtained. PHA yields of over 65% with 2 to 6% 3HV were 
obtained with hexoses such as glucose, fructose, mannitol, and 
sucrose. On the other hand, PHAs with 8 to 11% 3HV were 
accumulated when the pentose sugars arabinose and xylose 
were carbon sources, but only to 35% of the cell dry weight. 
The propionyl-CoA for 3HV formation is derived from succi- 
nate through the methylmalonyl-CoA pathway. It was shown 
that the specific production rate of the 3HV monomer was 
dependent on the concentration of Co 2+ ions, which form part 
of the vitamin B I2 -dependent methylmalonyl-CoA mutase. 
Fed-batch cultivation on glucose-propionate resulted in PHA 
formation up to 75% of the dry cell weight with 50% 3HV 
monomer (140). 

Rliodobacter sphaeroides has been studied for the formation 
of PHA from anaerobically treated palm oil mill effluent 
(POME). In Malaysia, POME is treated primarily such that 
the organic acids are converted into methane, which is released 
into the atmosphere. By combining processes in which POME 
is converted anaerobically to organic acids, followed by PHA 
production from these acids by a photosynthctic bacterium, 
carbon sources in the effluent can be converted to PHA (80). 

AainobacUlus sp. strain EL-9 has been isolated from soil and 
accumulates PHA during the logarithmic growth phase. This 
strain was studied for the conversion of the reduced sugar 
components in alcoholic distillery wastewater to PHA. TTiis 
waste stream is rich in sugar and nitrogeneous compounds, 
which have a high biological oxygen demand (BOD). Lowering 
of the BOD of this effluent by using it for PHA formation 
seems an environmentally sound solution for the treatment of 
this waste stream while simultaneously producing a useful ma- 
terial. Because AainobacUlus does not require nutrient-limit- 
ing conditions, P(3HB) can be formed continuously on the 
wastewater stream. Comparative studies of different carbon 
sources showed that cnzyme-hydrolyzcd alcoholic distillery 
wastewater gave the highest conversion of its components to 
biomass (4.8 g/liter), 47% of which is P(3HB) (246). 

Azotobaaer vinelandii was recognized early on for its ability 
to produce P(3HB) (20). A. vinelandii UWD was described as 
a strain thai produces P(3HB) during growth, possibly as a 
result of a defective respiratory NADH oxidase (184). This 
strain was studied for P(3HB) formation on complex carbon 
sources such as corn syrup, cane molasses, beet molasses or 
malt extract (183), fatty acids (185) or swine waste liquor (24). 
With these different carbohydrates as growth substrates, simi- 
lar levels and yields of P(3HB) were obtained. Perhaps the 
unrefined substrates have additional beneficial effects on the 
fermentation process, since they could promote growth (183). 
Swine waste liquor consists primarily of acetate, propionate, 
and butyrate and requires a high BOD. A. vinelandii UWD 
produces P(3HB-3HV) from twofold-diluted swine waste li- 
quor, but the productivity can be remarkably increased by 
supplementation of additional carbohydrate sources (24). 

Initially, the formation of polysaccharides by A. vinelandii 
was considered such a disadvantage that continuing explora- 
tion of this organism for commercial P(3H8) production was 



halted (20). In fact, it has been shown that the synthesis of 
alginate and P(3HB) are interrelated since they play a role in 
the response of the cell to growth conditions (19). The 
amounts of alginate and P(3HB) formed by A vinelandii are 
dependent on the oxygenation, since a small amount of aera- 
tion promotes P(3HB) synthesis over alginate synthesis. The 
advent of genetic engineering since the initial efforts by ICI has 
provided mutants of A. vinelandii with diminished alginate 
formation. P(3HB) accumulation levels in these strains were 
increased from 46 to 75% of the cell dry weight, with a three- 
fold higher yield on sucrose (162). This finding illustrates how 
modern molecular biological techniques can potentially have a 
direct impact on industrial P(3HB) production, as is discussed 
further in subsequent sections. 



Conclusions 

To discuss in great detail the vast number of organisms 
capable of producing PHAs would be beyond the scope of this 
review. The many PHA producers and the structures of the 
approximately 100 different monomers have been summarized 
previously (142, 254). It should be clear, however, that the 
study of the biosynthetic pathways of these diverse organisms 
provides insight into the processes necessary to engineer accu- 
mulation of a variety of PHA polymers in transgenic organ- 
isms. In addition, the study of mutants defective in PHA pro- 
duction will aid in identifying the genes required to efficiently 
express pha genes in heterologous organisms, such as E coli 
and plants. Currently, molecular data on the PHA biosynthetic 
pathways from over 25 different bacterial species is available. 
These microorganisms, with their own unique metabolic ver- 
satility, provide the foundation from which engineered strains 
for the production of PHAs can be designed. Not only is this 
approach useful for recombinant bacterial strains, but also it 
will be indispensable for further development of a plant crop- 
based PHA production system. 



PHA PRODUCTION BY RECOMBINANT BACTERIA 

For the successful implementation of commercial PHA pro- 
duction systems, it is a prerequisite to optimize all facets of the 
fermentation conditions. The price of the PHA product will 
ultimately depend on parameters such as substrate cost, PI I A 
yield on the substrate, and the efficiency of product formula- 
tion in the downstream processing. This means that high PHA 
levels as a percentage of the cell dry weight arc desirable, as 
well as a high productivity in terms of gram of product per unit 
volume and lime (3S, 40). 

Whereas natural PHA producers have become accustomed 
to accumulating PHA during evolution, they often have a long 
generation lime and relatively low optimal growth tempera- 
ture, are often hard to lyse, and contain pathways for PHA 
degradation. Bacteria such as E. coli do not have the capacity 
to synthesize or degrade PHAs; however, E. coli grows fast and 
at a higher temperature and is easy to lyse. The faster growth 
enables a shorter cycle time for the production process, while 
the higher growth temperature provides a cost saving associ- 
ated with cooling of the fermentation vessel. The easier lysis of 
the cells provides cost savings during the purification of the 
PHA granules. This section gives an overview of the efforts to 
construct better PHA producers by applying the insights of 
genetic and metabolic engineering. The effects of altered ex- 
pression levels of pha genes on PHA formation have been 
studied in natural PHA producers and are described first. . 
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Recombinant Natural PHA Producers 
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mation of P(3HB) granules (192, 236, 245). Subsequent reports 
on cloning of phb genes from other prokaryotes often included 
sumlar heterologous expression studies. Even though recom- 
binant E. coli is able to synthesize P(3HB) granules these 
strains lack the ability to accumulate levels equivalent' to the 
natural producers in defined media. The first P(3HB) produc 
uon experiments in fed-batch cultures therefore were in Luria 
Bertani (LB) broth, and P(3HB) levels of 90 g/Iiter were ob- 
tained in 42 h with a pH-stat controlled system (122) 

D^om COm P re . henS ' Ve com P aris °n of recombinant' E. coli 
P(3HB)-producing strains, Lee et al. studied 10 different 
strains equipped with a/w/fl-stabilized^C^fl plasmid (147) 
Among wild-type strains, E. coli B accumulated P(3HB) to 
76% of the cell dry weight on 2% glucose-LB medium while 

E f C f W ,\ f 12 ' 3nd EC3132 formed P < 3HB > ( o onlyl?lo 33% 
?L h L Ce " dly We,fiht ' Typical c, oning strains such as XLl-Blue 
JM109 and HB101, on the other hand, accumulated P(3HB) 
to levels varying from 75 to 85% of the cell dry weight. By using 
stabilized plasmids derived from either medium- or hioh-coDV- 
number plasmids, it was shown that only high-copy-number • 
vectors support substantial P(3HB) accumulation in E coli. 
XLl-Blue (146). In a fed-batch fermentation on 2% glu- 
cose-LB medium, this strain produced 81% P(3HB) at a rTrn- 
duct,v,ry of 2.1 g^iter/h (149). The P(3HB) productivity was 
reduced to 0.46 g/liter/h in minimal medium but could £ 
recovered by the addition of complex nitrogen sources such as 
yeast extract, tryptone, Casamino Acids, and collagen hydro- 
lysa e (144). By supplementing different amino acids sepa- 
rately it was apparent that P(3HB) formation in recombinant 
XLl-Blue is limited by available NADPH. Addition of either 
amino acids oroleate, both of which require substantial reduc- 

5X^(5^' V,the *' gcnera,,y incrcascd ce,,u,ar 

Although recombinant K coli XLl-Blue is able to synthesize 
substantial levels of P(3HB), growth is impaired by dramatic 
{™ n,at, ° n of the ce »s, especially in defined medium (143 
147 283). By overexpression of FtsZ in this strain, biomass 

£° d ^T,- WaS J m . pr0Ved by 20% and P ( 3HB ) levels were 
doubled (130). This recombinant strain produced 104 g of 
r-(JHB) per liter in defined medium, corresponding to 70% of 
the cell dry weight. The volumetric productivity of 2 e/Iiter/h 
however is lower than achievable with R. eutropha (284) ' 
One of the challenges of producing P(3HB) in recombinant 
organisms is the stable and constant expression of the phb 
genes during fermentation. P(3HB) production by recombi- 
nant organisms is often hampered by the loss of plasmid from 
he majority of the bacterial population. Such stabilitv prob- 
lems may be attributed to the metabolic load exerted' by the 
need to replicate the plasmid and synthesize P(3HB) which 
diverts acetyl-CoA to P(3HB) rather than to biomass In ad 
dition, plasmid copy numbers often decrease upon continued 
termentation because only a few copies provide the required 
antibiotic resistance or prevent cell death by maintaining/wrfi 
For these reasons, Kidwell et al. designed a runaway plasmid to 
suppress the copy number of the plasmid at 30°C and induce 
plasmid replication by shifting the temperature to 38°C (119) 
By using this system, P(3HB) was produced to about 43% of 
the cell dry weight within 15 h after induction with a volumetric 
production of I g of P(3HB)/liter/h. Although this productivity 
is of the same order of magnitude as that of natural P(3HB') 
producers, strains harboring these ^/fl-stabilized runaway 
rep icons still lost the capacity to accumulate P(3HB) durino 
prolonged fermentations. ° 
Whereas the instability of the phb genes in high-cell-densitv 

£wm a !' 0 H affCC,S u ,hC PHA C0St b >" basing ,he cellular 
P(3HB) yields, another contributing factor to the compara- 
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lively high price of PHAs is the cost of the feedstock. The most 
common substrate used for P(3HB) production is glucose. 
Zhang et al. (303) examined £. coli and Klebsiella aerogenes 
strains for P(3HB) formation on molasses, which cost 33 to 
50% less than glucose. The main carbon source in molasses is 
sucrose. Recombinant £. coli and K aerogenes strains, carrying 
the phb Jocus on a plasmid, grown in minimal medium with 6% 
sugarcane molasses accumulated P(3HB) to approximately 3 
g/liter, corresponding to 45% of the cell dry weight. When the 
K aerogenes was grown in a fed-batch system in a 10-liter 
fermentor on molasses as the sole carbon source, P(3HB) was 
accumulated to 70% its cell dry weight, which corresponded to 
24 g/liter. Although the phb plasmid in K aerogenes was un- 
stable, this strain shows promise as a P(3HB) producer on 
molasses, especially since fadR mutants incorporate 3HV up to 
55% in the presence of propionate (303). 

Morphologically, the number of granules in E. coli and R 
eutropha and their size are not the same, even though they 
were synthesized by the same enzymes (170). By using differ- 
ential scanning calorimetry, thermogravimetric analysis, and 
nuclear magnetic resonance, it was shown that the granules in 
E. coli are in a more crystalline form than the granules in R. 
eutropha (77). This may be because recombinant E. coli pro- 
duces P(3HB) of higher molecular weight (133) or because of 
the absence of specific P(3HB)-binding proteins such as PhaP. 
The difference in crystallinity was thought to contribute to the 
differences in degradation of the polymer during purification 
(77). It was suggested that the increased crystallinity of this 
high-molecular-weight P(3HB) prevented the embrittlement 
seen for P(3HB) from natural sources such as R eutropha 
(134), and recombinant P(3HB) may therefore have applica- 
tions for which natural P(3HB) does not qualify. 

As described above, the incorporation of other monomers in 
the growing P(3HB) chain results in polymers with drastically 
altered and improved mechanical properties. Therefore, re- 
combinant production systems will have to be able to facilitate 
the production of a variety of copolymers. 

P(3HB-3HV). Engineering E. coli to produce P(3HB-3HV) 
involved altering the endogenous metabolism of E. coli rather 
than introducing a specialized set of genes. Supplementation 
with propionate had generally been used for P(3HB-3HV) 
formation in R. eutropha, and the initial strategy for recombi- 
nant P(3HB-3H V) was therefore similar. Because E. coli does 
not readily import propionic acid, cultures were adapted on 
acetate and then a glucose -propionate mixture was added 
(243). This system was improved by using £. coli strains that 
have constitutive expression of the a to operon and fad rcgulon 
to fully express fatly acid utilization enzymes (54, 243). The ato 
system transports aceloacetatc into the celL and this is initially 
activated to acetoacetyl-CoA by AtoAD. AtoAD is also able to 
transport propionate into the cell (28) (Fig. 14). The fad rcgu- 
lon encodes enzymes for complete degradation of fatty acids, 
including a broad-specificity thiol asc (2S). It was expected that 
the FadA thiolase was beneficial in the pathway for 3HV for- 
mation compared to PhbA. The 3H V fraction in the copolymer 
was dependent on the percentage of propionate used during 
the fermentation, but it never exceeded 40%. Because E. coli is 
resistant to 100 mM propionate (243) whereas 30 mM is al- 
ready toxic for R. eutropha (212), it was suggested that P(3HB- 
3HV) fermentations may be more efficient with E. coli strains 
(243). 

In subsequent studies, propionyl-CoA formation was studied 
in strains with mutations in ackA and pi a or in strains that 
overexprcss Ack. For efficient incorporation of 3HV into 
P(3HB-3HV) 1 £. coli requires the Pta and Ack activities (Fig. 
14), although the acctatc-induciblc acctyl-CoA synthase may 




acetoacetyl-CoA propionyl-CoA acetyl-CoA 



I 

3-ketovaleryl-CoA -c- 3HV -o- PHA 

FIG. J 4. Propionate is an additional carbon source which is supplied as a 
cosubstratc for the synthesis of P(3HB-3HV) in recombinant E cotL Several 
pathways have been shown to be involved in the uptake of propionate and are 
important in defining the optimal genotype for P(3HB-3HV) production strains. 
Both the acetoacctate degradation pathway (the Ato system) and the acetate 
secretion pathway (Ack/Pta) have been identified as contributing to propionate 
transport 



also be involved (227). The prpE product is a recently discov- 
ered acetyl-CoA synthase homolog which actually may be even 
more specific to propionate (94). The recombinant production 
systems for P(3HB-3HV) exemplify the need to alter the me- 
tabolism of E. coli as well as to adjust feeding strategies in 
order to produce the desired copolymers. As in EL coli, the 
fadR mutation also enables Klebsiella oxytoca to produce 
P(3HB-3HV) when grown on glucose and propionate (303). 

Yim et al. reported that these recombinant E. coli P(3HB- 
3HV) producers are unable to grow to a high density and 
therefore arc unsuiled for commercial processes (301). In an 
attempt to improve P(3HB-3HV) production in a recombinant 
strain, four E. coli strains (XLl-Blue, JM109, HB101, and 
DH5or) were tested. All four recombinant £. coli strains syn- 
thesized P(3HB-3HV) when grown on glucose and propionate 
with HV fractions of 7% (301). Unlike the strains studied 
previously (243), recombinant XLJ-Blue incorporated less 
than 10% HV when the propionic acid concentration was var- 
ied between 0 and 80 mM. HV incorporation and PHA for- 
mation were increased by prcgrowing cells on acetate followed 
by glucosc-propionatc addition al a cell density of around 10 s 
cells per ml. Oleate supplementation also stimulated HV in- 
corporation. This recombinant XLl-Blue strain, when pre- 
grown on acetate and with oleate supplementation, reached a 
cell density of S g/litcr, 75% of which was P(3HB-3HV), with 
an HV fraction of 0.16 (301). 

P(3HB~-4HB) and P(4HB). P(4HB) is produced in £. coli by 
introducing genes from a mctabolically unrelated pathway into 
a P(3HB) producer. The hbcT gene from Clostridium kluywri 
encodes a 4-hydroxybutyric acid-CoA transferase (104). By 
engineering hbcT on the same plasmids as phbC from R. eu- 
tropha, recombinant E. coli produced 4HB-containing PHAs 
when grown in the presence of 4HB. Depending on the orien- 
tation of the phbC and hbcT genes in the vector and the growth 
conditions, up to 20% of the cell dry weight was made up of 
P(4HB) homopolymcr. Interestingly, P(4HB) homopolymer 
was synthesized in the presence of glucose. In the absence of 
glucose, a P(3HB-4HB) copolymer was accumulated with up to 
72% 3HB, even though phbA and phbB were absent. Tin's 
suggests that £. coli contains an unknown pathway that allows 
the conversion of 4HB to 3HB (86). 

Valentin and Dennis were able to produce P(3HB-4HB) 
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directly from glucose (276). This was accomplished by intro- 
ducing the succinate degradatibn pathway from C kluyveri on 

!^ff ,te t P l ^ niid ' nt ° a " £ coli strain harboring a plasmid 
*Un the phb biosynthetic genes from R. eutropha. This copol- 
ymer is synthesized by redirecting succinyl-CoA from the TCA 
Hun )l- 4 - h y^ ro i ^butyryl-CoA via succinic scmialdehyde and 
4HB (F,g. 15). P(3HB-4HB) was accumulated to 46% of the 
:cll dry weight with a 1.5% 4HB (276). 

^bu?" 3 ? 1 ^* K coli has a,so been engineered to produce 
xsc-PHAs by introducing the phaCl and phaC2 gene from P 
ln a /"^::Kan mutant (136. 211). It was presumed 
nat this mutant accumulated intermediates of the B-oxidation 
™* y ™ ' C0U ' d be incor Poratcd into PHA by the poly- 
merases. The recombinant £. coli strain accumulated PHA tip 
o 21% of the cell dry weight when grown in LB broth con- 
airung decanoate. The polymer contained primarily 3-hy- 
Iroxydecanoate (73%) and 3-hydroxyoctanoale (19.0%) (136) 
n erestingly the/^fl mutation in this strain is an insertion 

teS*L a E Ta* P - int mU,a,ion and is noted «° hav c «n- 
omo 2 „ ? r aC " V " y - , ,f FadAB is ,he °"'y P-oxidation 
omplex n E coli, one would expect that this strain would not 
•erapable of degrading fatty acids to PHA monomer. 
ihcphaCl gene from P. oleovorans also directs PHA for- 

, ulated PHA up to 12% of the cell dry weight when grown on 
In'? ^ ac 'ds. By replacing the wild-type promoter of 

ere Z m"^ ^ "* ° r ' aC P romoter ' polymerase levels 
ere inducible, leading to 20 to 30% PHA formation with 
i P° l y™™e 1 or 2. These experiments show that PHA 
olymerase .s the only dedicated enzyme for PHA biosynthesis 
' Pse " d 9" nonas a "d 'hat additional enzyme activities may be 
.ovided by ancillary enzymes (217). 

Conclusions 

With the identification of pha genes from multiple organ- 
ic the possibilities of constructing recombinant PHA pro- 
icers have emerged. History has repeated itself in that P3HB 
a f ,n the first biological polyester, but now from a recom- 
nant microorganism. The diversity of natural PHAs, hovv- 
er T was rapidly conferred to E. coli, and several ssc-PHAs 
0 msc-PHAs have been synthesized in recombinant bacteria, 
x* wuh various degrees of success. Significant process 
Jst be made to" produce a variety of PHAs in recombinant 
ctena by cofeedmg strategies, let alone from sincle-carbon 
Jrces. The optimization of fermentation svstemsVor these 
.omb.nant organisms will also remain a challenge. Since 



PHAs are not natural products of E. coli, the responses by 
high-cell-density cultures to nutrient limitations that trigger- 
subsequent feeds are unpredictable. New fermentation feeding 
strategies will therefore have to be developed. 

METABOLIC ENGINEERING OF PHA BIOSYNTHETIC 

PATHWAYS IN HIGHER ORGANISMS 
In an effort to reduce the cost of P(3HB) production indus- 
trial interest has initiated programs for P(3HB) production 
systems in plant crops: Commercial oil-producing crops such 
as Brasska, sunflower, or corn, have been bred to accumulate 
these oils to high levels. If one were able to replace the oil by 
PHAs and have the polymer be accumulated to 30% of the 
seed, PHA production per acre could be around 350 lb Pro- 
duction of I billion lb of PHA would then require an area of 
2.5 million acres (8% of the state of Iowa). The potential of an 
agricultural PHA production system is thus enormous (293) 
The prospects of producing P(3HB) in plant crops is encour- 
aging now that several studies have reported the synthesis of 
PHAs in yeast, insect cells, and several plant species. 

Saccharomyces cerevisiae 
In contrast to E. colt, where the complete P(3HB) pathway 
had to be introduced for PHA formation to occur, P(3HB) was 
produced in yeast by expressing only part of the biosynthetic 
pathway. P(3HB) granules.could be visualized in Sacciiaromy- 
ces cerevisiae cells when just the P(3HB) polymerase gene from 
K eutropha was introduced into the cells. However P(3HB) 
was accumulated to only 0.5% of the cell dry weight. This low 
level of P(3HB) may result from insufficient activity of the 
endogenous p-ketoacyl-CoA thiolasc and acetoacetyl-CoA re- 
ductase enzymes. p-Ketoacyl-CoA thiolase (10 to 20 nmol/min/ 
mg) and acetoacetyl-CoA reductase (150 to 200 nmol/min/mg) 
were detected and were thought to supply sufficient substrate 
for P(3HB) polymerase (138). Future improvements of this 
eukaryotic P(3HB) production system may require elevation of 
these activities. 

Insect Cells 

Expression of the R. eutropha phbC gene in insect cells was 
first achieved in Trichoplusia ni (cabbage looper) cells by usino 
a baculovirus system. Expression otphbCwzs successful, since 
within 60 h after viral infection, 50% of the total protein was 
P(3HB) polymerase. In contrast toother recombinant systems 
expression of phbC in insect cells allowed rapid purification of 
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the soluble form of P(3HB) polymerase (291). This is surpris- 
ing, since overexpression of PhbC in recombinant £ coli usu- 
ally results in insoluble, inactive P(3HB) polymerase. 

An elegant study with insect cells attempted to create a 
diverse set of PHA monomers endogenously by transfecting a 
mutant form of the rat fatty acid synthase into Spodoptera 
fivgiperda (fall armyworm) cells by using a baculovirus (292). 
This previously characterized fatty acid synthase mutant does 
not extend fatty acids beyond 3HB (113), which was subse- 
quently converted to P(3HB) by the cotransfected P(3HB) 
polymerase from R. eutropha. The presence of P(3HB) gran- 
ules in the insect cells was visualized by immunofluorescence. 
Although P(3HB) production was achieved, only 1 mg of 
P(3HB) was isolated from 1 liter of cells, corresponding to 
0.16% of the cell dry weight. These studies provide examples of 
the use of alternative, eukaryotic enzymes for the generation of 
P(3HB) intermediates and the ability to express the phb genes 
in heterologous hosts (292). >; 

Plants 

Recently, efforts have been made to produce P(3HB) in 
plants. Stable expression of the phb genes has been achieved 
and the P(3HB) produced is chemically identical to the bacte- 
rial products with respect to the thermal properties (T m> T gt 
Af/), while the molecular weight distribution of the polymer 
was much broader. Still, a significant fraction of the plant 
P(3HB) had a molecular weight of 1,000,000, which indicated 
that plants can make P(3HB) of sufficient quality for industrial 
processing (200). 

Since, in contrast to bacteria, eukaryotic cells are highly 
compartmentalized, there are a number of challenges in ex- 
pressing phb genes in plants, phb genes must be targeted to the 
compartment of the plant cells where the concentration of 
acetyl-CoA is the highest but only in such a way that growth of 
the plant is not restricted. 

Arabidopsis tlwliana. Although not a crop plant, Arabidopsis 
thaliana was the first plant of choice for transgenic P(3HB) 
studies since it is the model organism for heterologous expres- 
sion studies in plants. The only enzyme of the P(3HB) synthe- 
sis pathway naturally found in A. thaliana is 3-ketoacyl-CoA 
thiolasc. This cytoplasmic 3-ketoacyl-CoA thiolase produces 
mevalonate, the precursor of isoprenoids. Because of the pres- 
ence of endogenous thiolase activity, only the phbB and phhC 
genes from R. eutropha were transfected, resulting in the ac- 
cumulation of P(3HI3) granules in the cytoplasm, vacuole, and 
nucleus. The expression of the phb genes had an adverse effect 
oh growth which was possibly due to the depletion of acelyl- 
CoA from an essential biosynlhetic pathway. Alternatively, 
P(3HB) accumulation in the nucleus could be detrimental 
(199). Similar growth defects and low P(3HB) yield were ob- 
tained with the commercial crop Brassica napus. These prob- 
lems could not be surmounted by introducing phbA in the 
presence of phbB andphbC. This suggests that the endogenous 
thiolasc activity may not have been the critical factor in the 
phenotypic problems associated to P(3HB) synthesis (178). 

An improved plant production system was subsequently de- 
veloped by expressing all three phb genes in the plastid of A. 
thaliana. The plastid was targeted for P(3HB) production be- 
cause of the high level of acetyl- Co A in this organelle, which is 
the site for lipid biosynthesis. The P(3HB) content in the plas- 
tids gradually increased over time, and the maximum amount 
of P(3HB) in the leaves was 14% of the dry weight (179). In 
contrast to the broad molecular mass distribution of P(3HB) 
produced in the cytoplasm (200), P(3HB) isolated from the 
plastids had a uniform molecular mass of 500.000 Da (177). 



Gossypium hirsutum (cotton). Recently phb genes were en- 
gineered into cotton {Gossypium hirsutum) to determine 
whether P(3HB) formation could alter the characteristics of 
the cotton fiber. Constructs containing phbB and phbC were 
targeted to fiber cells. Expression of these constructs was 
switched on in the early fiber development stages (10 to 15 days 
postanthesis), under the control of the E6 promoter, or during 
the late fiber development stages (35 to 40 days postanthesis)^ 
when the genes were under the. control of the FbL2A pro- 
moter. In the fibers of the transgenic plants, the endogenous 
thiolase activity varied between 0.01 and 0.03 u.mol/min/mg 
and the reductase activity varied between 0.07 and 0.52 pjnol/ 
min/mg. Epifluorescence studies showed that P(3HB) granules 
had been deposited in the cytoplasm (112). Due to the pres- 
ence of P(3HB) granules in the cotton fiber, the heat capacity 
of the purified cotton was increased and better insulation prop- 
erties were obtained (26). Further improvement of P(3HB) 
and cotton fiber compositions is expected to improve cotton 
characteristics with respect to dyeability, warmth, and wrinklibil- 
ity. Even though the maximum levels of P(3HB) amounted to 
only 3.4 mg/g of dry fiber, the incorporation of P(3HB) to this 
level already showed an effect. 

Zea mays (corn). The P(3HB) biosynthetic pathway from R 
eutropha has also been expressed in Black Mexican sweet 
maize (Zea mays L.) cell cultures. Cell cultures were grown in 
a bioreactor for 2 years rather than in fully differentiated 
plants. The thiolase activity (0.140 U/mg) was constant, but the 
reductase activity was less stable and decreased from 0.64 to 
0.12 U/mg. The phbC gene was initially detected, but after 1.5 
years of cultivation it had been lost. In addition to the insta- 
bility of the phbB and phbC genes, the transformed plant cells 
grew more slowly than the native cells did (75). 

Conclusions 

Although P(3HB) synthesis has been achieved in plants, the 
results obtained so far clearly indicate that a long road is still 
ahead. In contrast to microorganisms, metabolism in plants is 
mostly compartmentalized, which complicates the tasks at 
hand. Current and future developments in the molecular biol- 
ogy of plants will undoubtedly find rapid application in the 
pursuit of PHAs in plant crops. An intriguing development is 
the potential for transgenic P(3HB) to play a role in engineer- 
ing new characteristics into existing materials such as cotton. 
Obviously, the limits of transgenic PHA production are unpre- 
dictable. 



POTENTIAL ROLE FOR PIIAs IN NATURE 

Since bacteria did not evolve PHA production as a means of 
supplying plastics to mankind, the accumulation of PHAs by 
bacteria must have evolved out of an advantageous phenotypc 
related to the deposition of these materials. Besides the dis- 
cussed role as storage material for carbon and reducing equiv- 
alents, low-molccular-weight P(3HB) has been found to be 
part of bacterial Ca 2+ channels and is also bound to protein 
and lipids in eukaryotic systems. 

Voltage-Dependent Calcium Channel in Escherichia coli 

An extensive body of knowledge was developed by Rosctta 
Reusch and coworkers at Michigan State University on the 
possible role and function of low-molecular-wcight P(3HB) in 
microbial physiology (9S, 99, 219, 223, 224). Recently it was 
established that P(3HB) in conjunction with polyphosphate 
can form a complex in £. coli that transports calcium ions. A 
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™£ ? i! Ch a u com P l « is shown ^ Fig. 16. An alternative 
nodel has been based on the crystal structure of pure P(3HB) 
)ligomen; however, that structure does not take the poypho- 
•phate molecule into account (23S) 

Cornplexed P(3HB) (cPHB) is a low-molecular-mass P(3HB) 
jess than 15^)00 Da) that has been found in low concenYra- 

?,m l£ ? t0 u Ce ", Ular proteins <"> or cornplexed with cal- 
lum and polyphosphate in the form of a calcium channel in 
he cytoplasmic membrane (219, 224). It has been proposed 
™. k ,!"? s,ruc,ures aid «he import of DNA after cells 
aye been-rnade genetically competent in procedures that use 
alcium .ons. When cultures of A. vinelandii. Bacillus subtilis 
hemophilus ,,,/luenzae, and E. coli are treated to make them 
uic ically competent for DNA uptake, a specific change in the 
ructure of the membrane of these cells is detected by fluo- 
rscence studies (223). Comparative studies indicated a close 
. ationship between genetic competence, the appearance of 
"hb™? ? S, ; C r Cha , nge „ in membrane structure, and the 
,„ I 2 u °- E - C ° h Cells - ,n these studi «. the transforma- 
buffer that is generally used to make K coli cells compe- 
nt was varied such that instead of Ca 2 * ions, a broad range 

mono-, di-, and tnvalent cations were examined for their 
pac.ty to make cells prone to take up DNA. From these 
ud.es. it was clear that only Ca 2+ and Mg 2 * ions can establish 
e competence state and that some ions support low efficien- 
ts of transformation or even inhibit DNA uptake completely 
»r each metal ion, the transformation efficiency was closelv 
■ated to the structure of the membrane as observed bv rluo- 
Jcence studies (98). 



Because this type of P(3HB) is so different from the P(3HB) 
in the storage granules, new assays were developed to deter- 
mine the amount of P(3HB) in biological samples. By using 
these techniques, it has been shown that competent £ coli cells 
contain cPHB in their cytoplasmic membranes arid that the 
presence of cPHB was directly related to the transformabilily 
of the cells. The mplar ratio of the components of the P(3HB)- 
poiyphosphate-Ca 2 * complex was determined from cPHB pu- 
rified from genetically competent £ coli to be 1:1:0.5. These 
isolated cPHB complexes .were able to form Ca 2+ channels 
when introduced into liposomes (224) or voltage-activated 
Ca- channels in lipid bilayers. Identification of this channel as 
a calcium channel constitutes the first known biological non- 
protemaceous Ca 2+ channel (219). At present, no information 
is available for the genes and the corresponding gene products 
that are participating in cPHB biosynthesis. The elucidated 
genomic sequence of E. coli (12) does not show any significant 
nomolog of a PHA polymerase-encoding gene. 

Subsequent work proved that a channel with identical prop- 
erties can be reconstituted from Ca 2+ polyphosphate and syn- 
thetically prepared (/?)-3-hydroxybutyrate oligomers (33). Re- 
cently, P(3HB) and polyphosphate have also been identified as 
components of purified Ca 2 *-ATPase from the human eryth- 
rocyte, a well-studied Ca 2 * channel (220). Given the relative 
simplicity of the P(3HB)-polyphosphate complex in compari- 
son wuh the proteinaceous Ca 2 * channels, it is tempting to 
consider the possibility that these bacterial channels have a 
primordial origin. 
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Low-Molecular-Weight PHB in Eukaryotic Organisms 

P(3HB) is not just an insoluble molecule made by bacteria 
but, rather, is a unique compound with a variety of roles and 
functions in nature. P(3HB) has also been found in a variety of 
plant and animal tissues (218). In human plasma, P(3HB) can 
be found associated with very-low-density lipoprotein and low- 
density lipoprotein, but not with high-density lipoprotein. In 
addition, a significant portion of P(3HB) is found associated 
with serum albumin. The lipid molecules and albumin are 
thought to be acting as transporters of P(3HB) through the 
blood, with albumin being the major carrier (225). If P(3HB) 
plays a physiological role in large eukaryotic organisms, the 
need for a P(3HB) carrier makes sense, since P(3HB) is highly 
insoluble in aqueous solutions. 



Possible Evolutionary Precursors of PHB 

Since PHB is such a high-molecular-weight molecule, it be- 
comes an intriguing question to find which cellular function has 
driven its evolution. The direct involvement of DNA, RNA, 
and protein in sustaining life provides a simple clue for the 
presence of these macromolecules in the living cell. PHA, 
however, seems to be an inert molecule, and, as with polysac- 
charides, it is interesting to speculate about the roots of such 
molecules. Intracellular stores are obviously advantageous dur- 
ing prolonged periods of starvation, but what was the evolu- 
tionary, low-molecular-weight precursor? Why were 3-hy- 
droxyacyl-CoAs found to be good substrates for deposition in 
intracellular granules, and could they have been abundant in 
the cell during starvation? Where did the enzymes thai facili- 
tate PHA synthesis come from? The most obvious hypothesis 
for its original biosynthetic pathway is suggested by similarities 
of its monomers to intermediates of fatty acid metabolism. 
3-Hydroxy fatty acids are part of fatty acid biosynthesis and 
degradation, and these pathways do involve a p-ketoacyl-CoA 
thiolase and P-ketoacyl dehydrogenase. However, PHA poly- 
merase, the enzyme involved in the unique step in PHA bio- 
synthesis, does not have any significant homology to other 
proteins, and its evolutionary predecessor remains enigmatic. 

By analogy, one can speculate about the origin of other 
ubiquitous storage materials such as starch, glycogen, or nat- 
ural rubber. For these polymers, an evolutionary predecessor 
should also have a more essential function than being a storage 
. molecule. Several oligosaccharides are essential for a bacte- 
rium. Trehalose is a dimer of glucose molecules and serves as 
an osmoprotectant for the cell. Lipopolysaccharides are oligo- 
saccharides linked to diacylglyccrol moieties and play a role in 
maintaining cell integrity and viability. Limited polymerization 
of glucose may have been an early evolutionary step in the 
eventual pathway to polysaccharides such as glycogen and 
starch. Other polysaccharides may have been synthesized by 
analogous pathways built on this scheme. In that context, oli- 
gomers of P(3HB) may have been, or may still be, important 
for life. Recently, oligomers of (K)-3-hydrox7butyrate were 
identified as pheromones in spiders (237). The P(3HB) com- 
ponent of Ca 2+ channels and perhaps other transporters may 
be a subsequent low-molecular-weight predecessor of the high- 
molecular-weight material. Although unrelated to commercial 
PHA production, this evolutionary perspective suggests that 
cPHB may become a new paradigm in microbial physiology or 
even biology in general. As such, it may provide additional and 
unexpected clues to the future of biological polyesters. 



CONCLUSIONS 

An immense body of information is available presently to 
engineer organisms for the synthesis of almost any PHA- A 
polymerase-encoding gene for a specific composition can be 
chosen from a set of 18 identified genes. Depending on the 
pathway to be used for generating the desired monomers 
plibAB,phaJ, orphaG genes are available. These can be chosen 
from a number of different organisms as well. Tri addition to 
these essential phb genes, other enzymes may be used to gen- 
erate novel monomers. The opportunities seem limitless. 

Recombinant production of molecules such as PHAs will 
undoubtedly thrive on the enormous biological diversity of 
nature, where novel protein activities can be obtained from 
exotic places, while gene cloning becomes less and less of a 
technological hurdle. In the future, bacterial fermentations will 
be able to support the production of a wide range of PHAs. 
For economic reasons, plant crops promise to be a more de- 
. sired vehicle for PHA production. New procedures to intro- 
duce and express genes in plants are generated rapidly and will 
enable the timely expression of desired genes in the compart- 
ments of choice. Enzymes with all the desired characteristics 
will furthermore be obtained by new in vitro molecular breed- 
ing approaches as long as the screening tools are available. It 
is clear that at the start of the third millennium, transgenic 
PHA producers will be an important source of green plastics 
and chemicals to the world. With the advent of further devel- 
opments in metabolic engineering, such biotechnologies will be 
the rule rather than the exception. 
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Abstract 

Acetaldehyde is one of the intermediate products of ethanolic fermentation, which can be reduced to ethanol by 
alcohol dehydrogenase (ADH). Alternatively, acetaldehyde can be oxidized to acetate by aldehyde dehydrogenase 
(ALDH) and subsequently converted to acetyl-CoA by acetyl-CoA synthetase (ACS). To study the expression of 
ALDHs in plants we isolated and characterized a cDNA coding for a putative mitochondrial ALDH (TobAldh2A) 
in Nicotiana tabacum. TobALDH2A shows 54-60% identity at the amino acid level with other ALDHs and shows 
76% identity with maize Rf2, a gene involved in restoration of male fertility in cms-T maize. TobAldh2A transcripts 
and protein were present at high levels in the male and female reproductive tissues. Expression in vegetative tissues 
was much lower and no induction by anaerobic incubation was observed. This suggests that TobALDH expression 
is not part of the anaerobic response, but may have another function. The use of specific inhibitors of ALDH and 
the pyruvate dehydrogenase (PDH) complex indicates that ALDH activity is important for pollen tube growth, and 
thus may have a function in biosynthesis or energy production. 



Introduction 

Aldehydes are highly reactive and long-lived 
molecules that may have a variety of effects on biolo- 
gical systems. Aldehydes cause their effects by react- 
ing with cellular nucleophiles, including proteins and 
nucleic acids. They can be generated from a virtu- 
ally unlimited number of endogenous (metabolism of 
amino acids, carbohydrates, vitamins and lipids) and 
exogenous (alcohol, smog and smoke) sources. Among 
the most effective pathways for aldehyde metabolism is 
their oxidation to carboxylic acids by aldehyde dehyd- 
rogenases (ALDH, EC 1 .2. 1 .3). ALDHs are a family of 
NAD(P)-dependent enzymes with common structural 
and functional features that catalyze the oxidation of a 
broad spectrum of aliphatic and aromatic aldehydes. A 
vast literature exists on human ALDHS, which function 
in the detoxification pathway of dietary ethanol [16]. 
Subtle differences in levels and properties of ALDH are 



The nucleotide sequence data reported will appear in the Gen- 
Bank and EMBL Nucleotide Sequence Databases under the acces- 
sion number Y09876. 



thought to be major determinants of susceptibility to 
ethanoi-related diseases. Classes 1 and 3 contain both 
constitutively expressed and inducible cytosolic forms, 
whereas class 2 consists of constitutive mitochondria] 
enzymes [16], 

In plants, four ALDHs have been reported. Three 
are betaine-aldehyde dehydrogenases (BADH, EC 
1.2.1.8), cloned from spinach, sugar beet and barley 
[12, 19, 32]. Betaine, formed by the oxidation of 
betaine aldehyde by BADH, accumulates in response 
to salt stress or water deficit. Betaine acts as a nontox- 
ic or protective cytoplasmic osmolyte, allowing nor- 
mal metabolic function to continue [32]. The fourth 
putative ALDH is encoded by Rf2, a nuclear restor- 
er gene of Texas cytoplasmic male sterility (cms-T) in 
maize. Cms-T is a maternally inherited trait that causes 
male sterility as a consequence of a degeneration of the 
tapetal layer of anthers. The sterility effect of cms-T is 
mediated by the mitochondrial gene T-urfl 3, encoding 
URF13, a polypeptide of 13 kDa that resides in the 
inner mitochondrial membrane. The selective degen- 
eration of the tapetum is paradoxical because URF13 
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Figure /. Proposed model for pyruvate utilization in pollen. Pyruvate 
can be directly converted to acetyl-CoA by PDH and enter the TCA 
cycle, or it can be converted to acetaldehyde by PDC. Acetaldehyde 
can be reduced to ethanol, or by the action of ALDH, it can be 
converted to acetate. This acetate can be used by ACS to produce 
additional acetyl-CoA. This acetyl-CoA can enter the TCA-cycle, 
be used in lipid biosynthesis or be used by the glyoxysomes to 
synthesize malate, which in turn can supplement the TCA cycle and 
enable biosynthetic reactions. 

is expressed in many maize tissues. Tissue-specific 
degeneration could be explained if tissues differ in 
their requirements for mitochondrial function. Altern- 
atively, it is possible that a tapetum-specific compound 
exists that is a prerequisite for URF13-induced tox- 
icity [15]. The effects of URF13 can be reversed by 
the nuclear genes Rfl and Rf2. Rfl reduces URF13 
expression by nearly 80%, Rf2 does not affect URF 13 
expression. The sequence homology between Ri2 and 
ALDHs leads to the attractive hypothesis that acetal- 
dehyde produced by the pollen interacts with URF13 
to cause male sterility and that this defect can be allevi- 
ated by ALDH mediated detoxification of acetaldehyde 
[5]. 

During oxygen limitation in higher plants, energy 
metabolism switches from respiration to fermentation. 
In ethanolic fermentation, pyruvate is the substrate 
of pyruvate decarboxylase (PDC), yielding CO2 and 
acetaldehyde. Subsequently, acetaldehyde is reduced 
to ethanol with the concomitant oxidation of NADH 
to NAD + by alcohol dehydrogenase (ADH). Ethan- 
olic fermentation in leaves and roots is an adaptation 
to oxygen limitation, and acetaldehyde and ethanol 
only accumulate when respiration is inhibited. We 



previously showed that both genes are expressed at 
high levels in pollen, even under aerobic conditions 
[3]. Under optimal conditions for pollen tube growth, 
more than half of the carbon consumed is fermented, 
and ethanol accumulates in the surrounding medium 
to a concentration exceeding 100 mM. In pollen, the 
flux through the pathway is not regulated by oxygen 
limitation, but by carbohydrate levels. In the accom- 
paning paper an additional function for the presence 
of PDC and ADH in pollen is proposed [29]. Acet- 
aldehyde produced by PDC could be converted into 
acetyl-CoA by ALDH and acetyl-CoA synthetase (see 
Figure 1). The acetyl-CoA formed could be used by 
the glyoxylate cycle for biosynthesis of malate or for 
direct lipid biosynthesis. To investigate the validity of 
this model we isolated a cDNA encoding an aldehyde 
dehydrogenase from tobacco. We show that tobacco 
Aldh is not induced under anoxic conditions, but that 
it is highly expressed in pollen and pistil. A possible 
function of ALDH in pollen metabolic pathways is 
discussed. 



Materials and methods 

Plant growth conditions 

Plants of Nicotiana tabacum cv. Samsun were grown 
in the greenhouse, under an 16:8 light/dark cycle and 
temperature of at least 18 °C. Mature pollen were 
harvested using a 35 /xm mesh filter connected to a 
vacuum cleaner. Pollen was germinated in 25 mM 
MES-KOH pH 5.9, 0.3 M sucrose, 3.0 mM Ca(N0 3 ) 2 , 
1.6 mM H3BO3, 1.0 mM KN0 3 , 0.8 mM MgS0 4 , 
30 fiM CUSO4 and 0.1% (w/v) caseine hydrolysate 
[30]. l-aminoethylphosphinate(AEP), a specific inhib- 
itor of PDH [26], was added to a final concentration of 
90 /iM. Disulfiram (dissolved in DMSO), an inhibitor 
of ALDH [13], was added to a final concentration of 
30 /iM. 

Seeds were sterilized by washing for 2 min in 70% 
ethanol, 15 min in 1.3% sodium hypochlorite followed 
by three washes of sterile water. The seeds were ger- 
minated on MS medium (0.4%, Serva) pH 6.0, con- 
taining 1% sucrose and 0.7% bactoagar (Difco). AEP 
was added in a final concentration of 30 /iM, disulfiram 
was added in a final concentration of 30 /iM. Anaerobic 
incubations were performed as described in Bucher et 
al. [2]. 
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Library screening and cDNA sequencing 

Two cDNA libraries from pollen and leaf poly(A) + 
RNA [1] were used to screen at low stringency (5x 
SSC, 48 °C) for an Aldh. A total of 3 x 10 5 plaques 
from each library were screened. The insert of EST 
clone 51D7T7 from Arabidopsis Biological Resource 
Center at Ohio State [20] was used as a probe. One 
positive clone from the pollen library was identi- 
fied and sequenced by the dideoxy chain termination 
method. Fragments derived from Bal3l exonuclease 
treatment of the positive clone were subcloned and 
internal primers were used for sequencing. Analys- 
is of the DNA sequence and predicted amino acid 
sequence were performed using the GCG Sequence 
Analysis Software Package, version 8.0. The 573'- 
RACE Kit from Boehringer Mannheim was used to 
isolate the 5' end of the transcript, using three nes- 
ted primers: 5'-AGGCCATGGTCCTTCGTC-3' (408- 
391), 5'-GTTCCACATTGACAGCTGG-3' (235-217) 
and 5'-GCTTATCCACAATGATC-3' (145-129). 

Southern blot analysis 

High-molecular-weight total genomic DNA was isol- 
ated from young leaves of N. tabacum as described 
by [28]. The DNA (10 fig) was digested with £coRI, 
Hindlll OTXbal, electrophorezed in 0.7% agarose gels 
and transferred to Nytran-N (Schleicher & Schuell). 
Blotting and hybridization procedures were carried out 
under standard conditions [25]. Blots were hybridized 
at 65 °C with randomly labelled probes made from 
TobAldh2A and the final wash was in 0. 1 x SSC, 0. 1 % 
SDS at 65 °C. 

Northern blot analysis 

RNA was extracted from pollen and various tis- 
sues from N. tabacum essentially as described by 
Schrauwen et ah [27]. Total RNA was quantified both 
spectrophotometrically at 260 nm and visually by the 
staining of blots in 0.02% methylene blue in 0.3 M 
sodium acetate, pH 5.5. Excess dye was washed away 
with water. A 10 fig portion of total RNA of each 
sample was loaded onto a 1 .0% agarose-giyoxal gel 
after glyoxylation. Northern blotting and hybridization 
procedures were carried out under standard conditions 
[25]. Blots were hybridized at 65 °C with randomly 
labelled probes from TobAldhlA, TobAdhl and NelF- 
4A1Q and the final wash was in 0.1 x SSC, 0.1% SDS 
at 65 °C. 



Antibody generation and western blotting 

A 1 1 92 bp fragment of TobALDHIA (880-207 1 ), con- 
taining the conserved regions from ALDHs,was cloned 
into the Ndel-BamHl sites from pET-14B (Novagen), 
introducing a His-Tag sequence at the N-terminus of 
the ca. 36 kDa fragment. The translational fusion was 
introduced into the pLysS strain of Escherichia colL 
The recombinant protein was purified from the inclu- 
sion bodies and purified on a His-Tag binding column 
according to the pET System Manual (Novagen), using 
solutions containing 6 M urea. The purified proteins 
were separated through a 12.5% SDS-PAGE gel and 
electroeluted. The antibodies were generated in rabbit 
as described before [2]. 

Total soluble proteins were isolated by grinding in 
liquid nitrogen and extracting in 100 mM Tris-CLpH 
8.0, 1 mM EDTA, 10% glycerol, 0.1% Triton X-100, 
0.1% 2-mercaptoethanol, 0.2% PVP and 1% PVPR 
A 30 fig portion of total protein was separated on a 
10% SDS-PAGE gel and transferred to nitrocellulose 
(Schleicher & Schuell). A 1:1000 dilution of rabbit 
anti-Tob ALDH or rabbit anti-eIF4A antibody [2 1 ] and 
horseradish peroxidase conjugates were used to detect 
ALDH and eIF-4A proteins. 

Expression q/TobALDH2A in E. coli and 
measurement of 'in vitro enzymatic activity 

A primerCS'-CTTCTAG ACATATGTCAAG AGGTTTG 
ATCATTGTGG-3', 104-139) was used to introduce a 
Ndel site in the 5' region of the TobA ldh2A cDNA 
by PCR. This introduces an ATG start site at nt 113 
and changes Lys-2 1 (the last amino acid of the putat- 
ive mitochondrial targeting sequence) into a methion- 
ine. The obtained fragment was cloned into the Ndel- 
BamHl sites from pET-3A (Novagen). The transla- 
tional fusion was introduced into the pLysS strain of 
E. coli. An overnight culture was diluted 10 times and 
induced with 0.4 mM IPTG. The bacteria were grown 
for three hours at 30 °C and harvested by centrifu- 
gation (5 min, 5000 x g). After washing in 100 mM 
HEPES-NaOH pH 7.4, the bacteria were sonicated in 
100 mM HEPES-NaOH pH 7.4, 1 mM EDTA, 10% 
glycerol and 0.1% Triton X-100, centrifuged (5 min, 
15 000 x g) and the clarified supernatant was used 
for activity tests. As a negative control, a translation- 
al fusion of eIF-4A2 in pET-3A was used. Aldehyde 
dehydrogenase activity was determined spectrophoto- 
metrically at 340 nm by the conversion of NAD into 
NADH in a buffer containing 100 mM sodium pyro- 
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phosphate pH 9.5, 1.3 mM NAD, 100 //M substrate 
and 100 total protein extracts [7, 35], 

Reverse transcriptase-PCR 

The reverse transcriptase and subsequent PCR reac- 
tions were performed as described by Fleming et ah 
[8]. The primers P 1 (5'-GCTCTAGACTCGTGTGTTT 
ACCTCTCGTC-3') spanning 62-82 (plus an addi- 
tional 5' Xbal restriction site) and P4 (5'- 
CGGATCCGACGTACAACCATTGGTAC-3') span- 
ning 566-541 (creating a BamHl site by introdu- 
cing 3 mismatches at the 3' end) were used to 
amplify and subclone regions in the 5' ends of 
TobALDH2A and 2B> and subsequently sequenced. 
To show the presence of both transcripts in a total 
RNA extraction, a combination of primers PI with 
P2 and PI with P3 was used (see Figure 3 A). P2 5'- 
GCTTATCCACAATGATC-3' is TobALDH2A specific 
(145-129) and P3 5'-GTTCCACATTGACAGCTGG- 
3' primes on both TobALDH2A and 2B (235-217 on 
TobALDH2A\ 



Results 

Isolation of a cDNA encoding an ALDH 

Two cDNA libraries derived from poly(A) + RNA from 
mature pollen grains and leaves of Nicotiana tabacum 
were screened at low stringency with an Arabidopsis 
EST clone encoding a putative ALDH. No positive 
clones were found in the leaf library. From the pollen 
library, the clone with the strongest signal was fur- 
ther analyzed. This clone, termed TobALDH2A y was 
2010 bp in length but at the 5' end of the cDNA 
no in frame ATG was found and there was an open 
reading frame from the third nucleotide on. Using 
the 5'-RACE technique with three nested primers, 
we isolated an additional 61 bases with an in frame 
ATG at position 54. The predicted molecular mass 
of the encoded protein is 59.3 kDa and the protein 
contains a putative mitochondrial targeting sequence 
(amino acids 1-21) [9]. In agreement with the classi- 
fication of ALDHs in which mitochondrial ALDHs are 
called class 2, we designated our clone TobALDH2A. 
The deduced amino acid sequence shows high identity 
throughout the sequence with ALDHs from different 
organisms. All the conserved amino acids characterist- 
ic for ALDHs are present in Tob ALDH 2 A (Figure 2 A): 
the catalytic site Val-Thr-Leu-Glu-Leu-Gly-Gly-Lys 
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Figure 2. Comparison of the amino acid sequences of ALDHs 
from different sources. The deduced amino acid sequence of the 
TobAldhlA was aligned with corresponding ALDH sequences from 
maize cms-T restorer gene RJ2 [5], chicken [10], human mitochon- 
drial [11], Aspergillus [22] and spinach betaine-aldehyde dehydro- 
genase [32]. A. Amino acid alignment showing the main conserved 
regions (grey background) of ALDHS. B. Amino acid identities (in 
%) between the different ALDH. 

(amino acid position 306-313 in TobALDH2A) in 
which the giutamate is the most important amino acid 
[31], the Cys at position 343 as the active site [7] 
and the histidine residue at position 276 necessary for 
the correct folding of the native ALDH [35]-. Ser-1 15 
[24] and Glu-528 [6], both with a proposed function in 
NAD + binding, are not conserved in the ALDHs from 
tobacco, maize and Aspergillus. Tob ALDH 2A has the 
highest identity (77%) with maize Rf2 (Figure 2B). 

Analysis of the number o/TobAldh genes 

RT-PCR reactions were performed using total RNA 
from pollen. The resulting cDNA fragments were 
cloned and sequenced. Out of 12 different reactions, 
two distinct cDNA fragments were isolated: the first 
matched the isolated TobAldh2A and a second one rep- 
resented a new putative mitochondrial targeted gene 
which we designated TobAldh2B (Figure 3 A). Within 
the 237 bp sequenced, TobAldh2A and 2B differed in 
29 nucleotides, including a gap of 18 nucleotides in 
TobAldh2B. 

To determine whether both transcripts are present 
in various organs of the plant, RT-PCR was performed 
using two sets of primers. One set of primers (primer 1 
and primer 2) specifically amplified TobAldh2A (Fig- 
ure 3B) and a second set of primers (primer 1 and 
primer 3) amplified both TobAldh2A and TobAldh2B 



359 



A) 



nt 62 

Aldh2A 

Aldh2B 



PI 



96 117 147 154 258 298 

G CTCA3U3RGGTTTCATCATTGTGGATAAGCAA C C 



TTCGAGGGG — 



-AAGT 



P2 



P3 



B) 



ft 



s 



/if i I $ 



1 £ 




2A 



2A 
2B 



Figure 3. RT-PCR analysis reveals the presence of two TobAldh transcripts. A. Schematic drawing of the differences in nucleotide sequence 
between TobAldhlA and TobAldhlB (the number and differences in nucleotides (nt) are indicated). The A of the initiator ATG is nt 54. The 
arrows indicate the primers (see Materials and methods) used for the PCR reaction. B. and C. RT-PCR products using the primers PI and P2 or 
PI and P3, respectively. The sizes of the bands correspond to the predicted 84 bp and 162/180 bp, respectively. The DNA was separated on a 
10% acrylamide-TBE gel. 



(Figure 3C). As can be seen from Figure 3B and 3C, 
bands with the predicted sizes could be detected in 
all organs tested. We must point out that, because of 
the exponential nature of PCR, these results have to 
be interpreted qualitatively and are not indicators of 
the relative expression levels in the various organs (see 
below). Southern blot analysis of genomic DNA was 
performed at high stringency to determine the num- 
ber of genes coding for Aldh (Figure 4). EcoRI cuts at 
the 3' end, HindUl cuts in the middle and Xbal does 
not cut TobAldh2A cDNA. Analysis of the Southern 
blot reveals the presence of two to three Aldh genes, 
which is consistent with the presence of two different 
transcripts in tobacco. 

Aldh gene expression is not coordinated with Adh 
expression 

The previous experiments (Figure 3) demonstrated 
that tobacco contains at least two expressed Aldh 



genes, which is to be expected in alloploid tobacco. 
However, to determine quantitatively the level of 
Aldh gene expression northern blot analysis was per- 
formed. Northern blots were prepared with equal 
amounts of total RNA isolated from different tobacco 
organs and hybridized with a randomly labelled probe 
from TobAldhlA. Because the homology between 
TobAldh2A and TobAldh2B is very high we expect this 
probe to hybridize with both transcripts. In addition, an 
Adh cDNA probe was used as a control for the presence 
of transcripts encoding enzymes involved in ethanolic 
fermentation [3], and a housekeeping gene encoding 
the eucaroy tic translation initiation factor 4 A 1 0 (NelF- 
4A10) as a constitutive control. The Aldh genes are 
highly expressed in stamen, pistil and pollen (Figure 5). 
The signal in the stamens can probably be assigned to 
the presence of pollen in this organ. Aldh is expressed 
at a lower level in stem tissue. Comparison of Aldh 
and Adh shows a similar pattern of expression for both 
genes, except for the high expression of Aldh in pistil 



360 



S* h 



^ £ * 5 



i { J F $ § * * 



2.0kb 



tub. flHk.' ^fcfa 
JHfP ALDH 



E H X 




'V — 3 
— 2 



Figure 4. Genomic Southern blot analysis of N. tabacum. About 
10 /ig of genomic DNA was digested with EcoKX (E), HindMX (H) or 
Xba\ (X) and size fractionated by electrophoresis through an 0.7% 
(w/v) agarose gel The blot was hybridized with the cDNA insert of 
TobAldh2A. Migration positions of a 1 kbDNA ladder (Gibco-BRL) 
are indicated. 



tissue. The quantitative differences of the expression 
of NeIF-4Al 0 in various tissues are not due to unequal 
loading, but are likely to reflect the relative transcrip- 
tional activity of this class of housekeeping genes (for 
discussion see [1 8 and 21]). 

In leaves grown both under normal atmospher- 
ic conditions and in an anaerobic environment, 
TobAldh2A was expressed at a very low level, but 
mRNA levels were high in pollen (Figure 6), in con- 
trast with Adh which is also highly expressed in pollen, 
but whose expression is drastically increased in leaves 
during anaerobic incubation. Thus, TobAldhlA is not 
coordinately expressed with the other genes involved in 
ethanolic fermentation. TobAldh2A is highly expressed 
in pollen, as are Pdc and Adh, but, unlike Pdc and Adh, 
TobAldhlA transcript levels are high in pistil, and not 
increased during anaerobiosis in leaf tissue. 




Figure 5. Northern blot analysis of TobAldh gene expression in 
various tissues. Total N. tabacum RNA (10 /xg), isolated from the 
indicated organs, was separated on 1% (w/v) glyoxal gels. The 
blot was probed with the complete cDNA inserts from TobAldh2A, 
TobAdhi or NeIF-4AlO, The approximate sizes of the hybridizing 
bands are shown in kb to the left. 
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Figure 6\ TobAldh2A is highly expressed in mature pollen and is 
not induced under anoxia in leaves. Ten micrograms of total RNA 
from leaves incubated under normoxic or anoxic conditions and from 
pollen was separated on 1% (w/v) glyoxal gels. The blot was probed 
with the complete cDNA insert from TobAldh2A, TobAdh or NelF- 
4A10. The approximate sizes of the hybridizing bands are shown in 
kb to the left. 
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Figure 7. Western blot from various tissues from tobacco. Protein 
from N. tabacum (30 fig), isolated from the indicated organs, was 
separated on SDS-PAGE gel (12.5%). The blot was probed with an 
antibody raised against TobALDH2A. As a control, a duplicate blot 
was probed with an antibody raised against eIF-4A2. 



Analysis TobALDH proteins 

Mature pollen are rich in proteins, lipids and messen- 
ger RNAs Which are stored to be used during pollen 
germination and pollen tube growth [14]. In particular, 
mRNAs of the late group may not be used immedi- 
ately but be stored and translated only upon hydra- 
tion and pollen germination. In order to investigate the 
TobALDH protein level, we raised a polyclonal anti- 
body in rabbit against a fusion protein of TobALDH2 A 
overexpressed in E. coli (see Material and methods). 
The antiserum was tested and showed a strong cross- 
reaction with the original antigen (the TobALDH2A 
fusion protein). A weaker cross-reaction was seen with 
commercial ALDH from yeast (Boehringer) and no 
signal was seen with BSA (data not shown). 

This antibody was used to detect ALDH protein in 
the different organs from tobacco via Western blotting. 
The TobALDH antibody reacted with two proteins in 
the range of 56 to 57 kDa in stem, stamen, pistil and 
pollen samples (Figure 7). A weaker signal was seen 
with root and petal tissue. These results largely con- 
firm the data on mRNA transcript levels obtained by 
northern blot analysis. An antibody against translation 
initiation factor eIF-4A [21] was used as a control. 



In vitro enzymatic activity of TobALDH2 } A 

It was not possible to follow the enzymatic activ- 
ity of ALDH in pollen extracts by measuring the 
change in absorbance at 340 nm via the formation 
of NADH with acetaldehyde or propionaldehyde as 
a substrate, since the presence of other NAD-linked 
dehydrogenases interfered with the determination of 
ALDH activity. Therefore, we overexpressed the 
mature TobALDH2A in E. ColL Total protein extracts 
were used in an in vitro assay using several sub- 
strates. TobALDH2A has an activity for acetaldehyde 
of 74.5 ± 13.4 nmol/min per mg total protein extract 
(Figure 8). The enzyme was also highly efficient with 
propionaldehyde as a substrate, but had hardly any 
activity for DL-glyceraldehyde or betaine-aldehyde 
(65.9 ± 12.7, 4.8 ± 4.5 and 3.2 ± 3.0 nmol/min:per 
mg total protein extract, respectively). The addition of 
30 fiM disulfiram, a potent inhibitor of ALDHs [13], 
blocked the aldehyde dehydrogenase activity almost 
completely. Protein extracts from E. coli overexpress- 
ing eIF-4A showed hardly any activity with all the 
substrates tested (1 .6 ± 2.3 nmol/min per mg total pro- 
tein extracts using, acetaldehyde as substrate). These 
results show that TobALDH2A is able to use acetal- 
dehyde as a substrate, and has characteristics similar 
to the well-studied human liver acetaldehyde dehydro- 
genases. 

Inhibitor treatment ofPDH and ALDH 

The hypothesis we would like to test is that ALDH is 
part of an indirect metabolic pathway for the synthes- 
is of acetyl-CoA, bypassing the direct route via PDH 
(see Figure 1). In order to test the relative import- 
ance of the direct and indirect pathways we used 
inhibitors of ALDH and PDH. The first compound, 
(R)-aminoethylphosphinate (AEP) (kindly provided by 
Prof. N. Amrhein), is metabolized to acetylphosphin- 
ate which acts as a highly specific inhibitor of PDH 
[26], Addition of 30 AEP to germinating seeds 
resulted in the death of the seedlings (Figure 9). On the 
other hand, addition of up to 90 /iM AEP to germinat- 
ing pollen had no effect on the germination frequency 
or on the growth of the pollen tube. 

The second compound we used was disulfiram, an 
inhibitor of ALDH [13]. Seedlings grown on 30 pM 
disulfiram formed fewer roots and showed a somewhat 
retarded growth (compared to wild-type), but were per- 
fectly viable. These relatively mild effects of disulfiram 
on seedlings can be explained by the possible func- 
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Figure 8. TobALDH2A overexpressed in E. coli has an acetaldehyde 
dehydrogenase activity. Overexpressed TobALDH2A is able to use 
acetaldehyde as a substrate in an in vitro assay. The addition of 
30 fiM disulflram blocks the aldehyde dehydrogenase activity. E. coli 
overexpressing eIF-4A2 was used as a negative control. Values are 
means ± SD of at least three separate preparations. 



tion of ALDH in general detoxification of aldehydes. 
However, when 30 fjM disulfiram was added to pol- 
len, it prevented pollen from growing. Thus, whereas 
inhibition of PDH had a drastic effect on seedlings, 
but not on pollen tube germination and growth, inhibi- 
tion of ALDH primarily affected pollen. These exper- 
iments clearly indicate that major differences in meta- 
bolism between seedlings and pollen exist, and that 
ALDH is likely to have an important function in pol- 
len. We realize that inhibitor experiments should be 
interpreted with caution and in particular disulfiram 
may not be entirely specific for ALDHs. However, the 
drastic differences in the effects of the inhibitors on 
leaves arid pollen encourage us to initiate more definit- 
ive experiments involving specific antisense inhibition 
ofTobALDH. 



Discussion 

The protein encoded by TobAldh2A \s most related to 
mammalian ALDHs (60%) involved in ethanol detoxi- 
fication [16], and to maize Rf2 (77%), a putative ALDH 
involved in restoration of male fertility [5]. Similarity 



with plant betaine aldehyde dehydrogenases is consid- 
erably lower (42%). In vitro enzymatic activity meas- 
urements with recombinant TobALDH2A show that 
the enzyme has a high activity for acetaldehyde (Fig- 
ure 8). Thus, the data suggest that TobALDH2A is 
a mitochondrial acetaldehyde dehydrogenase. Ethan- 
ol metabolism by leaves has been reported for several 
plants, suggesting that an ADH/ALDH/ACS pathway 
operates in this organ [17]. However, in tobacco leaves 
the capacity of such a pathway was very limited [2]. 
The low expression of TobAldh2A in leaves (Figure 5), 
its failure to be induced by anoxia (Figure 6) and the 
inability of leaves to survive when PDH activity was 
inhibited (Figure 9), similarly indicate that this path- 
way is not important for normal metabolism in leaves. 
The primary function of ALDH in leaves could be the 
detoxification of occasional aldehydes. 

The situation in pollen is very different. In the male 
gametophyte, TobAldhlA is highly expressed, and 
inhibition of ALDH prevents pollen growth, whereas 
pollen germinate and grow in the presence of the PDH 
inhibitor AEP (Figure 9). These results indicate that the 
PDH bypass is functional and important in pollen. Pre- 
liminary results indicate that Acs is highly expressed in 
pollen (R.G.L. op den Camp, M. Bauerlein, B. Muller- 
Rober, C. Kuhlemeier, unpublished results), and thus, 
all the enzymes of the bypass are present. The acetyl- 
CoA generated could be used for energy production 
by the TCA cycle (see Figure 1). For a more com- 
plete discussion of the other possible pathways see the 
accompanying paper [29]. Pollen produce acetalde- 
hyde and ethanol, even under aerobic conditions [3] 
and the expression of ALDH could protect the pol- 
len against the hazardous effects of acetaldehyde. The 
high levels of ALDH in pistils (Figures 5 and 7) might 
be needed to metabolize acetaldehyde and/or ethanol 
diffusing from the growing pollen tube into the pistil. 
The protein most related to Tob ALDH2 A is the protein 
encoded by the recently isolated maize R/2 gene [5], 
RJ2 has been well characterized genetically as a nuclear 
gene which restores fertility of plants containing cms-T 
cytoplasm. If the hypothesis that Rf2 restores fertility 
by detoxifying acetaldehyde is correct, it should be 
possible to induce male sterility by antisense expres- 
sion of Aldh in URF 13 transformed tobacco [4]. 

The scenario outlined above suggests a function 
for ALDH in detoxification of acetaldehyde, coupled 
with energy production through the use of acetyl-CoA 
in the TCA cycle. However, in analogy to recently 
developed yeast models, a biosynthetic function may 
also be considered. In yeast, acetyl-CoA formed 
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figure P. Effect of PDH and ALDH inhibitor treatment on seedling growth and pollen tube germination and growth. Seeds were germinated on 
a medium containing 30 /xM AEP or 30 /iM disulfiram and photographed after 40 days. Pollen were germinated in a medium containing 90 pM 
of AEP or 30 jXM disulfiram. After 2 h pollen were photographed. 



through PDC7ALDH/ACS is thought to be converted to 
malate in the glyoxy late cycle. Malate fed into the TCA 
cycle is used for biosynthetic purposes, and only when 
the flux of acetaldehyde to acetate through ALDH and 
ACS is saturated, ethanol formation commences [23]. 
A similar pathway might operate in pollen and the con- 
version of acetaldehyde to alcohol by ADH could be a 
safety valve protecting the pollen against excess acet- 



aldehyde. This could explain why pollen which lack 
ADH activity (ADH null mutants) [33] have no disad- 
vantage to the wild type pollen when growing through 
the pistil. It has been shown that the transcripts encod- 
ing the enzymes specific for the glyoxylate cycle (iso- 
citrate lyase and malate synthase) are present in pollen 
from Brassica napus [34], and thus it is conceivable 
that a glyoxylate cycle exists in tobacco pollen. 
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Our results show that TobALDH is highly 
expressed in pollen and pistils and may be involved 
in a functional PDH bypass. In the near future we are 
planning to test these hypotheses by feeding germinat- 
ing pollen with radioactive substrates to determine the 
actual flow of metabolizes, and by genetically manip- 
ulating ALDH levels. 
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INTRODUCTION TO POLY(3-HYDROXYALKANOATES) 
Storage Material 

Poly(3-hydroxyalkanoates) (PHAs) are structurally simple 
macromolecules synthesized by many gram-positive and gram- 
negative bacteria. PHAs are accumulated as discrete granules 
£ levels as high as 90% of the cell dry weight and are generally 
believed to play a role as sink for carbon and reducing equiv- 
alents. When nutrient supplies are imbalanced, it is advanta- 
geous for bacteria to store excess nutrients intracellularly, es- 
pecia ry as their general fitness is not affected. By polymerizine 
soluble intermediates into insoluble molecules, the cell does 
not undergo alterations of its osmotic state and leakage of 
these valuable compounds out of the cell is prevented. Conse- 
quently, the nutrient stores will remain available at a relatively 

P6,TS m ^2 C 4 e 0^6) nd WiUl ' SeCUfed retUrn °" inVeS,men ' 
Once PHAs are extracted from the bacterial cell, however 
these molecules show material properties that are similar to 
some common plastics such as polypropylene (20). The bac- 
tenal origin of the PHAs make these polyesters a natural 
material, and, indeed, many microorganisms have evolved the 
™?? de ,hese macromolecules. Besides being biode- 
gradable^ PHAs are recyclable like the petrochemical thermo- 
plasts; This review summarizes the chemical and physical prop- 
erties of PHAs and the biochemical and genetic studies of the 
pathways involved in PHA metabolism. Within this framework 
the scientific advances that have been made with the available 
describe" economic PHA production processes will be 

Chemical Structure 

The many different PHAs that have been identified to date 
are primarily linear, head-to-tail polyesters composed of 3-hy- 
oroxy fatty acid monomers. In these polymers, the carboxyl 
group of one monomer forms an ester bond with the hydroxy! 
group of the neighboring monomer (Fig. 1). In all PHAs that 
nave been characterized so far, the hydroxyl-substituted carbon 
Horn is of the R configuration, except in some special cases 
vhere there is no ehirality. At the same C-3 or p position, an 
ilkyl group wh.ch can vary from meihyl to tridecvl is posi- 
■oned. However, this alkyl side chain is not necessarily satu- 
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rated: aromatic, unsaturated, halogenated, epoxidized and 
branched monomers have been reported as well (1 25 32 44 
58^0, 85. 125. 126, 135, 247). Specialized, unnatural mono- 
mers such as 4-cyanophenyIvalerate have been incorporated to 
obtain new polymers with special properties (124). As well as 
the variation in the alkyl substituent, the position of the hy- 
droxy! group is somewhat variable, and 4-, 5- and 6-hydroxy 
acids have been incorporated (51, 131, 277-279). Substituents 
in the side chains of PHAs can be modified chemically for 
instance by cross-linking of unsaturated bonds (39 67 68) 
This variation in the length and composition of the side chains 
and the ability to modify their reactive substituents is the basis 
for the diversity of the PHA polymer family and their vast array 
of potential applications that are described below. 

Historically, poly(3-hydroxybutyrate) [P(3HB)j has been 
studied most extensively and has triggered the commercial 

I,"' 6 ' 65 , ■ * hlS daSS ° f P° ,vmers - P (3«B) is the most common 
type ot PHA, and the ability of bacteria to accumulate P(3HB) 
S«°um used L as r a taxonomic characteristic. Copolymers of 
P(3HB) can be formed by cofeeding of substrates and may 
result in the formation of polymers containing 3-hydroxyvaler- 
ate (3HV) or 4-hydroxybutyrate (4HB) monomers. Together 
polymers containing such monomers form a class of PHAs 
typically referred to as short-side-chain PHAs (ssc-PHAs) In 
contrast, medium-side-chain PHAs (msc-PHAs) are composed 
of C 6 to C 16 3-hydroxy fatty acids. These PHAs are synthesized 
from fatty acids or other aliphatic carbon sources, and. typi- 
cally, the composition of the resulting PHA depends on the 
growth substrate used (17, 105, 135). msc-PHAs are also syn- 
thesized from carbohydrates, but the composition of these 
"HAs is not related to the carbon source (S4, 102, 270) The 
vast majority of microbes synthesize either ssc-PHAs contain- 
ing primarily 3HB units or msc-PHAs containing 3-hy- 
droxyoctanoate (3HO) and 3-hydroxydecanoate (3HD) as the 
major monomers (6, 142, 249, 252). 

Physical Characteristics 

The molecular mass of PHAs varies per PHA producer but 
is generally on the order of 50,000 to 1,000,000 Da. Although 
aliphatic polyesters have been studied extensively since the 
1920s, their properties were not remarkable and did not initi- 
ate a great commercial interest at that time. This was primarily 
due to the use of relatively impure substrates at the time, which 
limited the molecular masses of these polymers to 20 000 to 
30,000 Da (159). Bacterially produced P(3HB) and other 
PHAs, however, have a sufficiently high molecular mass to 
have polymer characteristics that are similar to conventional 
plastics such as polypropylene (Table 1) 

Within the cell, P(3HB) exists in a fluid, amorphous state 
tar aftcrextracnon from .he cell with organic solvents.' 

^ } K eC r CS h ' S ^ c jy s,alline < 43 ) ^d in this state is a 
stifl but bridle material. Because of its britilcness P(3HB) is 
not very stress resistant. Also, the relaiively hich m'eltine tem- 
perature of P(3HB) (around 170'C) is Cose ,„ .T*" 
where th.s polymer decomposes ihcrmally and .hus limits the 
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TABLE 1. Properties of PHAs and polypropylene" 



Value for*: 



P(3HB) 



P(3HB-3HV) 



P(3HB^HB) 



P(3HO-3HH) 



r m rcr 

Crystallinity (%) 
Extension to break (%) 



177 
2 
70 
5 



145 
-1 
56 
50 



150 
-7 
45 
444 



61 
-36 

30 
300 



176 
-10 
60 
400 



* Data from reference 42. : ~~ "~ 

J12Z B) 5! ^yO-hydro^buryrate), P(3HB-3HV) is polyO-hydroxybutyrateHcoO-hydroxyvaleratc) containing 20% 3HV PGHB-4HR\ ic ™, a ^ 

^S 0 ^^^ 16% 4HB - p(3Ha3HH > is p-w**^^ WSSS^ 

d T f is glass transition lemperature. 



ability to process the homopolymer. Initial biotechnological 
developments were therefore aimed at making PHAs that 
were easier to process. The incorporation of 3HV into the 
P(3HB) resulted in a pob^^-hydroxyburyrate-co^-hydroxyval- 
erate) [P(3HB-3HV)J copolymer that is less stiff and brittle 
than P(3HB), that can be used to prepare films with excellent 
water and gas barrier properties reminiscent of polypropylene, 
and that can be processed at a lower temperature while retain- 
ing most of the other excellent mechanical properties of 
P(3HB) (159). In contrast to P(3HB) and PQHB-3HV), msc- 
PHAs have a much lower level of crystallinity and are more 
elastic (73, 20S). These msc-PHAs potentially have a different 
range of applications from the ssc-PHAs. 

Biological Considerations 

The diversity of different monomers that can be incorpo- 
rated into PHAs, combined with a biological polymerization 
system that generates high-molecular weight materials, has 
resulted in a situation where an enormous range of new 'poly- 
mers are potentially available. The advent of genetic engineer- 
ing combined with modern molecular microbiology now pro- 
vides us with the exceptional framework for studying plastic 



properties as a function of genetic and metabolic blueprints In 
fact, it presents an enormous challenge to our scientific disci- 
phne to fully explore this biology to ensure that environmen- 
tally friendly polyesters are available for generations to come 

Biodegradabiiiry. Besides the typical polymeric properties 
described above, an important characteristic of PHAs is their 
biodegradability. In nature, a vast consortium of microorgan- 
isms is able to degrade PHAs by using secreted PHA hydro- 
lases and PHA depolymerases (for a review of the microbiol- 
ogy and molecular genetics of PHA degradation, see reference 
111). The activities of these enzymes may vary and depend on 
the composition of the polymer, its physical form (amorphous 
or crystalline), the dimensions of the sample, and, importantly 
the environmental conditions. The degradation rate of a piece 
of P(3HB) is typically on the order of a few months (in anaer- 
obic sewage [Fig. 2]) to years (in seawater) (111, 167-169). 

Renewable nature. As important as the biological character- 
istics and biodegradabiiiry of PHAs is the fact that their pro- 
duction is based on renewable resources. Fermentative pro- 
duction of PHAs is based on agricultural products such as 
sugars and fatty acids as carbon and energy sources. These 
agricultural feedstocks are derived from C0 2 and water, and 
after their conversion to biodegradable PHA, the breakdown 




b^j*^*:*^ ^ m 

FIG. 2. Degradation of P(3HB-3HV) in aerobic scw*a«c sludge. Bonles made of'PnHii xu\r\ ;„-..k^.* 1 a .u _ 
.0 righ,). Photof nph co.mcsy of Dice, j«Hlm*ck. Gcuj^ufua-UmvenMi. C«^%*™£ ' • 
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products are again C0 2 and water. Thus, while for some ap- 
plications the biodegradability is critical, PHAs receive general 
attention because they are based on renewable compounds 
instead of on our diminishing fossil fuel stockpiles (293). 

Applications 

PHAs are natural thermoplastic polyesters, and hence the 
majority of their applications are as replacements for petro- 
chemical polymers currently in use for packaging and coatino 
apphcations. The extensive range of physical properties of the 
FHA family of polymers and the broadened performance ob- 
tainable by compounding and blending provide a correspond- 
ing^ broad range of potential end-use applications, as de- 
scribed in numerous patents. 

Initial efforts-focused on molding applications, in particular 
lor consumer packaging items such as bottles, cosmetic con- 

and^ El g0,f K eeS u (9 ' 10 ' 28?) - U S " P atenls 4 > 826 ' 493 
wUKii. eSq,! ? thG manufacture of P(3HB) and 
} J mS and their use as dia P er backsheet (163, 
W). These films can also be used to make laminates with 
other polymers such as polyvinyl alcohol (91). Diaper back- 
sheet materials and other materials for manufacturing biode- 
| r ^nl C ° r 1 com P ostable P^sonal hygiene articles from 
T;,T lyiners other than PPHB-3HV) have been de- 
scribed (180, 181, 241). PHAs have also been processed into 
fibers which then were used to construct materials such as 
nonwoven fabrics (248). P(3HB) and P(3HB-3HV) have been 
described as hot-melt adhesives (118). PHAs with longer-side- 
chain hydroxyacids have been used in pressure-sensitive adhe- 
sive formulations (229). PHAs can also be used to replace 
petrochemical polymers in toner and developer compositions 
(65) or as ion-conducting polymers (221, 222). PHAs can be 
used as a latex, for instance for paper-coating applications 
■ a ° r < ? n be used 10 Produce dairy cream substitutes (298) 
or flavor delivery agents in foods (299). 

in addition to its range of material properties and resulting 
applications, PHAs promise to be a new source of small mol- 
ecules. PHA can be hydrolyzed chemically, and the monomers 
can be converted to commercially attractive molecules such as 
are p-hydroxy acids, 2-alkenoic acids, 0-hydroxyalkanois, 
p-acyllactones, P-ammo acids, and p-hvdroxyacid esters (293) 
The last class of chemicals is currently receiving attention be- 
cause of potential applications as biodegradable solvents. 



PHA BIOSYNTHESIS IN NATURAL ISOLATES 
Since 1987, the extensive body of information on P(3HB) 
metabolism, biochemistry, and physiology has been enriched 
by molecular genetic studies. Numerous genes encoding en- 
zymes involved in PHA formation and degradation have been 
cloned and characterized from a variety of microorganisms 
From these studies, it is becoming clear that nature has evolved 
several different pathways for PHA formation, each optimized 
for the ecological niche of the PHA-producing microorganism 
Genetic studies have, furthermore, given insights into the reg- 
ulation of PHA formation with respect to growth conditions 
The cellular physiology of the cell and the important role of 
central metabolism have become apparent by studying PHA 
mutants with modifications in genes other than the phb genes 
Not only do such studies provide a fundamental insight into 
microbial physiology, but also they provide the keys for design- 
ing and engineering recombinant organisms for PHA produc- 
tion. This section deals with the molecular details of the PHA 
enzymes and corresponding genes and how their activities 
blend with cellular metabolism to synthesize PHA only at times 
where their synthesis is useful. 

Of all the PHAs, P(3HB) is the most extensively character- 
ized polymer, mainly because it was the first to be discovered 
in 1926 by Lemoigne at the Institute Pasteur (152). The 
P(3HB) biosynthetic pathway consists of three enzymatic re- 
actions catalyzed by three distinct enzymes (Fig. 3). The first 
reaction consists of the condensation of two acetyl coenzyme A 
(acetyl-CoA) molecules into acetoacetyl-CoA by p-ketoacyl- 
CoA thiolase (encoded by phbA). The second reaction is the 
reduction of acetoacetyl-CoA to (*)-3-hydroxybutyryl-CoA by 
an NADPH-dependent acetoacetyl- CoA dehydrogenase (en- 
coded by phbB). Lastly, the (*)-3-hydroxybutvryl-CoA mono- 
mers are polymerized into poly(3-hydroxybutyrate) by P(3HB) 
polymerase (encoded by phbQ. Although P(3HB) accumula- 
tion is a widely distributed prokaryotic phenotype, the bio- 
chemical investigations into the enzymatic mechanisms of 
I'JZS^ 1 '? 0 * thio,ase ' acetoacetyl-CoA reductase, and 
r(3HB) polymerase have focused on only two of the natural 
producers, Zoogloea ramigera and Ralstonia eutropha (formerly 
known as Alcaligenes eutrophus). . 

Essential Genes for PHA Formation 
The first phb gene to be isolated was from 2. ramhera (190) 
an interesting bacterium for biopolymer engineering since it* 
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FIG, 4. p/ia and phb operons. The loci encoding the genes for PHA formation have been characterized from 18 different species. Genes specifyinc enzymes for 
ssc-PHA formation are designated phb, and those specifying enzymes for msc-PHA formation are designated pha. Not all pathways have completely been elucidated 
in these strains. The emerging picture is that pha and/j/r& genes are not necessarily clustered and that the gene organization varies from species to species. Other genes 
possibly related to PHA metabolism may be linked to the essential pha and phb genes. (A) Complete phbCAB operons. (B) Interrupted phb loci. (Q Incomplete phb 
loci. (O) phb loci from organisms thai encode two suounit P(3HBj polymerases. (E) The phbCJ locus of A. caxnae involved in P(3HB-3HH) formation. (F) pha loci for 
msc-PHA formation in Pscudomonas. 



produces both P(3HB) and extracellular polysaccharide (50). 
By using anti-thiolase antibodies the phbA gene was detected 
in Escherichia coli carrying a Z. ramigera gene library and was 
subsequently cloned (190). It was found that phbA and phbB 
form an operon, while phbC is located elsewhere on the chro- 
mosome of Z ramigera (191). The cloning of phbA and \ phbB 
facilitated the purification of the encoded ketoacyl-CoA thio- 
lase and acetoacetyl-CoA reductase for kinetic and mechanis- 
tic characterization of these enzymes as described in later 
sections. 

Since the original discover)' of these phb genes, many genes 



encoding enzymes from the PHA pathway have been cloned 
from different organisms (Fig. 4). Given the diversity of 
P(3HB) biosynthetic pathways, it is not surprising that the pha 
loci have diverged considerably. In Acinetobacter spp., Alcali- 
gencs latus, Pseudomonas acidophila^ and R. cutropha, the 
phbCAB genes are in tandem on the chromosome although not 
necessarily in the same order (10S, 192; 193, 232, 274). In 
Paracoccus denitrificans. RJiizobium melUon\ and Z. ramigera, 
the phbAB and phbC loci are unlinked (141, 191. 27l/273. 
297). PHA polymerase in Chromatiwn vinosunu Thiocystis vio- 
la cea. and Syncchocystis is a two-subunjt enzyme encoded by 
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l nLrn bE ™ d phb . C genes - In these organisms, phbAB and 
PjvEC iie. in one locus but divergently oriented (87, 154, 155) 
The phb loci in C vinosum, P. acidophils R. eutropha, RJtiz*. 
biummeldoii md T. violacea all have an additional gene,p/,^ 
™ has k ? hitherto unknown function in PHA metabolism 
(202), while part of a gene encoding a protein homologous to 
the hypothetical £ coli protein YfiH is located upstream of the 

oJ?JTi P e " tr °P ha ' and Z P(3HB) polymerase 

genes. In Methylobactenum extorquens,Nocdrdia coraUina Rhi- 
zobium etU Rhodococcus ruber, and Rhodobacter sphaeroides, 
only the PHB polymerase-encoding gene has been identified 
thus far (23, 78, 109, 195, 280). The PHA polymerase gene in 
Aeromonas caviae is flanked by a unique PHA biosynthetic 
enzyme encoded by phaJ, which is discussed in further detail 
below (61) In msc-PHA-producingP. oleovoransmdP. aerugi- 
now thepAa loci contain twophaC genes (107, 269) separated 

?i r n7rS W ^ 1Ch D < S C x 0deS . an intrace,,ul « PHA depolymerase 
(107). The two PHA polymerases are 50 to 60% identical in 
their primary structure and appear to have a very similar sub- 
strate specificity (102, 107). 

i ^ gUf f i£?V deS grounds for 501110 speculation on the evo- 
lution of PHA formation. When the first PHA-forming bacte- 
ria used this pathway, the purpose of the pathway was probably 
different from synthesis of a storage materia] (see also below) 
PHA formation was most probably a minor metabolic pathway 

Zt d°/ 6 a r nlSmS ' perha P s resu,ti "g only from a side reaction 
When PHA formation became beneficial for the microbe evo- 
lution selected for improved PHA-accumulating strains under 
conditions of which we are unfortunately not aware. Knowl- 
edge of such conditions would be extremely helpful in the 
current efforts to optimize PHA production that employ re- 
combinant PHA producers and are described in later sections. 
Oyer the course of evolution, phaC was sometimes combined 
with genes that supply monomer, such as phbAB or phaJ, or 
with genesinvolyed in other aspects of PHA metabolism, such 
^phaz. The selective pressures active at the time resulted in 
he clustering of pha genes in an operon in some organisms (as 
in P aadophila, R. eutropha, Acinetobacter, Alcaligenes latus 
and Aeromonas caviae) or as separate transcriptional units in 
others (as m Z ramigera, P. denitrificans, Rhizobium meliloti C 
^osum, T. violacea, P. oleovorans, P. putida, and perhaps 
other microorganisms for which no thiolase and reductase 
genes have been identified yet). A second evolutionary force 
must have worked on the pha genes since some but not all of 
these diversely structured loci contain phbF and phbP genes or 

J^ m ^ it° f ^- Whether the ances,ral PHA Polymerase was 
encoded by one (phaC) or two (phaEQ open reading frames is 
an open question. Since the two-subunit polymerase svstems in 
ymasum and T. violaceae do have neighboring thiolase and 
reductase genes whereas phaEC in Synechocystis does not, fu- 
sion of phaEC or splicing of phaC may have preceded the 
rearrangements in the pha loci. 

P^m USh * t me S aterium w *s the first strain from which 
F(3HB) was isolated and identified, its biosynthetic machinery 
has not yet been characterized. The recently isolated B. meea- 
tenum mutants impaired in P(3HB) formation (55) should 
allow the cloning and characterization of the phb genes from 
this historically relevant P(3HB) producer. 

The Three-Step ssc-PHA Biosynthetic Pathway 

_ P-Ketoacyl-CoA thiolase. B-KetOacyl-CoA thiolase catalyzes 
the first step in P(3HB) formation; The P(3HB) biosynthetic 
thiolase (acetyI-CoA:acetyl-CoA-acetyl transferase; EC 23 19) 
is a member of a family of enzymes involved in the thiolvtic 
cleavage of substrates into acyl-CoA plus acetvl-CoA These 



Microbiol. Mol. Biol. Rev. 

B-ketoacyl-CoA thiolases are found throughout nature from 
higher eukaryotes to yeasts to prokaryotes and are divided into 
two groups based on their substrate specificity. The first group 
consists of thiolases with a broad specificity for 8-ketoacyI- 
CoAs ranging from Q to C 16 . This class of enzymes is involved 
mainly ui the degradation of fatty acids and is located in the 
cytoplasm of prokaryotes and in the mitochondria and peroxi- 
somes of mammalian and plant cells. The second class of 
0-ketoacyl-CoA thiolases is considered biosynthetic and has a 
narrow range of chain length specificity, from C, to C 
Throughout nature, these biosynthetic thiolases are specialized 
for a variety of roles such as ketone body formation, steroid 
and isoprenoid biosynthesis, and P(3HB) synthesis. The thio- 
lase involved in P(3HB) formation is a biosynthetic thiolase 
with specificity primarily for acetoacetyl-CoA (166) 
R. eutropha contains two B-ketothiolases (enzyme A and 

B) "l 31 ? re able t0 act in the biosynthetic pathway to 
r(3HB) synthesis. The major difference between these two 
enzymes is their substrate specificity. Enzyme A is a homotet- 
ramer of 44-kDa subunits and converts acetoacetyl-CoA and 
3-ketopentanoyI-CoA (but only at 3% relative activity in com- 
parison to acetoaceryl-CoA). In contrast, enzyme B, a homotet- 
ramer of 46-kDa subunits, has a broader substrate specificity 
and cleaves acetoacetyl-CoA as well as 3-ketopentanoyl-CoA 
3-ketohexanoyl-CoA, 3-ketoheptanoyl-CbA 3-ketooctanoyl- 
CoA, and 3-ketodecanoyl-CoA (30, 17, 19, 10, and 12% activity 
relative to acetoacetyl-CoA, respectively). Originally it was 
thought that the major role of enzyme B is in fatty acid deg- 
radation while the primary role of enzyme A (PhbA) is in the 
biosynthesis of P(3HB) (81). Recently, however, it has been 
shown that enzyme B is the primary source of the 3HV mono- 
mer for P(3HB-3HV) formation (244). 

The enzymatic mechanism of PhbA consists of two half- 
reactions that result in the condensation of two acetyl-CoA 
molecules into acetoacetyl-CoA. In the first half-reaction an 
active-sue cysteine attacks an acetyl-^CoA molecule to form 
an acetyl-S-enzyme intermediate. In the second half-reaction 
a second cysteine deprotonates another acetyl-CoA, resultin*' 
in an activated acetyl-CoA intermediate that is able to attack 
the acetyl-S-enzyme intermediate and form acetoacetyl-CoA 
d/iu'J 116 ,nvolvement of a cysteine(s) in the active site of the 
P(3HB) thiolase was first hypothesized in 1953 because the 
thiolase was inhibited by sulfhydryl-blocking agents (156) In 
the late 19S0s, the roles of cysteines in the active site of the 
P(3HB) thiolase were definitively determined, after the thio- 
lase gene from Z. ramigera had been cloned and the enzyme 
had been overproduced and purified. The cysteine involved in 
the acetyl-S-enzyme intermediate was identified as Cys89 by 
peptide sequencing of- the radioactive peptide after tryptic di- 
gestion of radiolabeled enzyme with [ ,4 C]iodoacetamide or 
[ CJacetyl-CoA (35, 267). A CS9S thiolase mutant was also 
constructed and determined to be severely affected in catalysis 
but not substrate affinity (165, 267). The second cysteine in the 
active site of P(3HB) thiolase was determined by using affinity- 
labeled inactivators such as bromoacetyl -.S-pantethene-11- 
pivalate. By using this inhibitor, Cys378 was identified as a 
potential residue for the second active-site cysteine that dep- 
rotonates the second acetyl-CoA molecule (34, 186) and the 
C378G mutant was virtually inactive (165, 186). So far, all 
P(3HB) thiolases contain these two active-site cysteines and it 
is believed (hat all the P(3HB) thiolases use the same enzy- 
matic mechanism to condense acetvl-CoA with either acetvl- 
CoA or acyl-CoA. 

Acetoacetyl-CoA reductase. Acetoacetyl-CoA reductase is 
an (K)-3-hydroxyacyl-CoA dehydrogenase (EC 1 1 1 36) and 
catalyzes the second step, in the P(3HB) biosvnthetic pathway 
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Enzyme and species. 

Thiolase (condensation) 
Z ramigera 

Thiolase (thiolysis) 
Z ramigera 



R eutropha 



NADPH-dcpendent reductase 
Z. ramigera 



R eutropha 



METABOLIC ENGINEERING OF POLY(3-HYDROXYALKANOATES) 27 



P(3HB) polymerase 
R eutropha 



TABLE 2. KineUc characteristics of P(3HB) biosynthetic 



K " , Substrate 

033 Acetyl-CoA 



enzymes 



0.024 

0.46 

0.073 

(50%)" 

0.044 

(3%)* 

(0%) b 



0.002 

0.002 . 

0.010 

0.99 

0.005 

(18%)* 

(3.6%)* 



0.72 
1.63 



Acetoacetyl-CoA 

Acetoacetyl-paniheteine 

Acetoaceryl-pantheteine-l l-pivalate 

3-KetovaleryI-CoA 

Acetoacetyl-CoA 

3-KetovaleryJ-CoA 

3-KetohexanoyJ-CoA 



Acetoacetyl-CoA 
^3-KetovaleryI-CoA 
3-KetohexanoyI-CbA 

Acetoaceryl-pantheteine-ll-pivaiate 
Acetoacetyl-CoA 
3-KetovaleryI-CoA 
3-KetohexanoyI-CoA 

3-HydroxyburyryI-CoA 
3-Hydroxyvaleryl-CoA 
3-Hydroxybutyryl-pan theieine- 1 1 -pivalate 



Product 



Acetoacetyl-CoA 



I v m»* w «tli respect to aceioacttyl-CoA 



Acetyl-CoA - 
Aectyl-CoA + acetyl-pantheteine 
Acetji-CoA + acetyl-panthetcine-ll-pivalatc 
Acetyl-CoA + propionyl-CoA 
Acetyl-CoA 

Acetyl-CoA + propionyl-CoA 
Acetyl-CoA + butanoyl-CoA 



3-Hydroxybu tyryl-Co A 
3-Hydroxyvaleryl-CoA 
3-Hydroxyhexanoyl-CoA 

a-Hydrc^utyryl-pantheteine-ll-pivalate 
3-Hydroxybutyryl-CoA 
3-Hydroxyvaleryl-CoA 
3-Hydroxyhexanoyl-CoA 



P(3HB) 

PHV 

None 



Reference 
35 



35 
35 
35 
166 
252 
252 
252 



198 
198 
198 
198 
252 
252 
252 



252 
252 
69 



by convertmg acetoacetyl-CoA into 3-hydroxybutyryI-CoA 
£1? ToTff 0 * r , edUC,aSC fr ° m Z ™»S<™* a homo,e«: 
nThph h ^ 3 SUb ^ n " S a " d has becn c,assified as an 

NADpS ^Sh ; 0 ^ (62 ' 198, AJthou 8 h bot » 
u NADH-dependent acetoacetyl-CoA reductase 

olTA haVC been ° bSeiVCd CC " e ««cfs of /I eutropha, 
tn? kt a E!f J 8 ,nv ° ,Ved in P ( 3HB ) synthesis (82). The only 
,^m HR w H " de| ? endCnt ™°*<*V-C°A reductase involved 

Al.h2S/° r T a l! 0n t0 da ' e ^ aS f0und in C vi »°™>n (155). 
Although the phbB gene product from Paracoccus deniirificans 
was initially ascribed to be NADH dependent (297), 

nr^^'T™ ° f ,his enz y me and characterization 
proved this reductase to be active only with NADPH (29) 

■ The enzymatic reactions involved in P(3HB) synthesis have 
been extensively analyzed by biochemical techniques and pro- 
vide clues about the regulation of this pathway. The preferred 
reason for the thiolase is thiolytic cleavage/which Occurs in 
the direction opposite to the P(3HB) biosynthetic pathway 
However, under P(3HB)-accumulating conditions the enzvni 
acts agamst its thermodynamicaliy favored direction when the 
activities of acetoacetyl-CoA reductase and P(3HB) polymer- 
ase pull the condensation reaction (reviewed in reference 166) 
} tie availability of reducing equivalents in the form of NADPH 

formation ° 0nSidercd ,0 ,hc drivin S force for P(3HB) 

In the P(3HB) biosynthetic pathway, the reactions catalyzed 
t>y thiolase and reductase provide the monomer for PHA po- 
lymerization. The kinetic characteristics and substrate specific- 
ities of these two enzymes are therefore crucial in determining 
the range of products that can be expected to be synthesized in 
a thiolase, reductase, polymerase pathway, as depicted in Fig 
*y r ? b ' e 2 shows a compilation of the kinetic characteristics of 
the bcst-siud.ed ihiolase and reductase enzymes, which pro- 
vides insights in the use of these cnzvn.es for the formation of 



iS ^n„n^ y S i 71,6 ? nCept 0f dividin S PH A formation 
nto monomer supply pathways and polymerization is impor- 
tant since ,n later sections it will be shown that monomers arc 
not necessarily supplied by dedicated pathways. Some of the 
strategies currently used in fermentative production processes 
and also the new developments in metabolic engineering pro- 
vide examples of the incorporation of monomers that are no. 

te„ b> ' ^' 0,aSC and/0r redu «ase mediated reactions. 

P(3HB) polymerase P(3HB) polymerase is the third enzyme 
in the biosynthetic pathway for P(3HB) production. The first 
^nucleotide sequence to be reported was from R eutro- 

Pn H m ,SgeneWaS ' SOla,ed by com Plemcntation of R eutropha 
P(3HB)-negat,ve mutants (192), and the promoter that drives 
the expression of phbC (235) and the other eenes in the phb 
operon (192 193) was mapped. Expression of the^ three 
genes in£. coh resulted in the accumulation of P(3HB) ud to 
levels exceeding 50% of the cell drv weight (192 236 245) 
r,u{ 3HB ) P ol y merase 'S just one member of the family of 
PHA polymerases. All of the polymerases have molecular 
masses of around 63,000 Da, except for the polymerases from 

%S l ??% m S-l 31 T Vi0lacea < 154 >' and Synechococcus spp. 
(fc-7, 114) which are composed of two subunits with molecular 
masses of 40 and 45 kDa. Interestingly, there are only 15 fullv 
conserved residues among the 26 kjiovvn PHA polymerases" 
many of which lead only to ssc-PHA formation (Fig. 5) This is 
remarkable, since these 15 residues represent on average less 
man 3% of the total number of amino acids in these enzvmcs 
iincc PHA polymerase is found in both soluble (hydrop'hilic) 
and granule-bound (hydrophobic) states, it may be that evolu- 
tion has selected for enzymes that are catalvticnlly efficient 
while presenting few problems related to undesirable -pro- 
^.n-hydrophobic-surface" interactions. The broad variety of 
| HA-produc.ng microbes would represent a vast spectrum of- 
mtracellular conditions to which these enzymes would have to 
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wU'^p ?HB2)^f al : B t d n r f h* r°- subun " 



served 3 ^ " Th '' S ? U ' d - eXplain ,he ,OW level of ove "" con- 
Ses qUCnCe ' den,,ty bCtWeen * he different p HA poly- 

per?d rl b^ f < S le I miCal S * Ud, ' eS ,° f PHB P°'y me «se were ham- 

Sturll PhS ? aCt,V ^ ° f the P rotein P urified from the 
natural PHB producers. These studies, however, indicated that 
he enzyme exists in both soluble and granule-bound forms £ 
W). It was proposed that two cysteine residues mi<>ht be in' 
ch in ° ne ***** holdin S the jSfig w£ 

S > T?£,2?,? er cys,einc ho,ds ,he '"^^ ™~ 

h„ o , t ,heory> ^ cystines (Cys319 and Cys459) in 
the R. eutropha P(3HB) polymerase were mutated (7ofcys3 9 
« conserved ,n all the synthases isolated to date (250) while 
0*4^9 is conserved between only the R eutropha and the P 
SSST^ P h ° lymCraSeS - C^ 19 — »h«Si to oe an ac: 
dered L ' Senne and a,anine mut «ions ren- 

telne rclsoT" 16 mac,we - In contras t. when the second cys- 
90^ onK 7 3S mU ' a,ed t0 3 Serine ' ,he enz y me ^'ained 
Shb5 5^ >"^ C ^ ( Z 0) - By USi "S ,he ,r i' ia ted .rimer 
(JMB),-Coa. it was shown that the P(3HB) polymer is co- 
gently bound to the P(3HB) polymerase through Cy^9 

To explain the ability of the enzyme to form ester bonds with 
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only one cysteine residue, a second thiol was proposed to exist 
via, posttranslattonal modification. Phosphopantetheine was 
fnTp^pf a ,P° tential Postradiational modification moiety 
lation.l ^°i ym t eTaS t (7 °>- A P h ospho P antetheine posttrans- 
lattonal modification has been found in acyl-carrier protein 

PHHRW^f' ,n enterobactin biosynthesis (110). By using a 
the Pnhr^ ymCTa - C ov f. rex P re ssion system, it was shown that 
tne PnbC enzyme is radioactively labeled when 6-f 3 HJalanine 
Th^vv P hos P ho P ante 'heine, is supplied tWculSS 
The most likely residue to be modified by phosphopantethei- 

SCS 1 • l" 26 ^ (?0) ' 3 rCSidue conse ^ P in all 
charactemed to date (Fig. 5) and part of a region that rS 
bles similar sites in panthethenylated enzymes (70) 

Given the function of the polymerases in forming ester 
bonds ., is not surpnsmg to find the active-site cysteine residue 
ot these enzymes in a lipase box, Gly-X-Cys 319 -X-GIv-GIy The 
active site of a lipase generally consists of a nucleopiiile, either 
cysteine or serine, whose reactivity is enhanced by an aspartate 
residue and a histidine residue (16, 194, 295). Together thS 
three residues form a catalytic triad. Candidates for these as! 
partate and histidine residues are conserved in the riot 
^Rn ^aSe 5^ nanl J e,y • as P artate re sid"es at positions 351, 428 and 
480 and hist|d.ne residues at positions 481 and 508 (Fig 5) 
Given that PHA polymerase may have two active-site h 5s it 
s possible that two of the three conserved aspartate re2« 
and both conserved histidines are part of a catalytic triad Th" 

S nCC A the S,nCt,y COnSCrved Tf P 425 in 'be prStyof 
Asp428 and the conserved dyads Asp480-His481 and Gly507- 
HK508 underscores the likely importance of these residues in 
A«^V A ?c a,Og0US *' " le S,rict c onservation of Pro?39 
^£n 8, T ^ 251 ' a " d Mp254 in the direct v ^nity of the critical 
ambo adds " UnderSCOres the im Portance of this stretch of 

Model for PHA Granule Formation 

The resemblance of the active sites of PHA polymerases and 
.pases as well as the preferred localization o( th«e enzymes 

DrcJe^^r"' 5 h ° W thC Pr0CCSS ° f granu,e formation may 
hvS'J? • Y" 105 °" ester bonds al ,he in, «face of a 
hydrophob.c vesicle and water. The difference between these 
enzymes is ,n the direction of the reaction that they catalyze 
either toward ester formation or towards ester hydrolysis In 
the aqueous environment of the cytosol, the PHA polymerase 
■s quite a remarkable enzyme since it performs an esterE £n 
reaction under typically unfavorable aqueous conditions 
Oerngross and Martin investigated P(3HB) granule forma- 

? m "SIX ^ deVd0ped 3 model for P ( 3 HB) granu e for- 
ma ion (69). F,rst, soluble P(3HB) polymerase infracts Z> 
ncreasmg concentrat.ons of 3-hydroxybutyryl-CoA in the cy- 
toplasm, resultmg in priming of the enzyme by an unknown 
mechanism. Dunng an initial lag phase HB oligomer? ^ 
slowly formed and extruded from the enzyme. The HB oh 
gomers then form micelles as the oligomers increase in length 
and hydrophobic^. Consequently, the micelle-like parSes 
provide a two-phase boundaiy with the polymerase located at 
the interface. The enzyme then rapidly proceeds with P(3HB^ 
synthesis extruding more P(3HB) into the growing °mJ 
Eventually the micelles are though, to coalesce into ?ar Rer 
granules that can be visualized by microscopy (69) (Fis «m 

In vitro studies of the covalent linkage of the 3HB tri™, 
support this model, since a shift i„ the conformation oHhe 
P(3HB) polymerase from monomer to dimer appeared to co 
made w„h the bmd.ng of the trim er . Because the p/ 3H b 
polymerase dimer was more active than the mnnnml 1 
showed a grea.lv decreased ,a g time, it Z '^JS.'S 
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enzymatic reactions arc reminiscent of that of lipase (L) which ^STT ^ • u a " d ,ibcratCS thc """"""crs from the pokmer Both 

mechanism for the formation of PHA granules' ilubt enTm S^^t 1"'^ y ^ frcc acids and alkanols^B) Propped 

knglh and en^me^igomer concentration, the **ymJ2$Z^ "T? b ° UBd (SlC P » Al a 

cytosol (step 2). Because of this compartmentalize ion, PHA fpataiS^^ hT ^ ^ f lhC ' mcrfaCC - «P"™*« 'he PHA from the 
ermronment mstead of the aqueous phase, the reaction proc^Sr ^nc ^ ^ "V™ ** " trudcd into a "vdrophobic 

.he phase-contrast m.croscope (step 3). As the number granules with 



lag time in vitro is related to the initial acylation step. It is not 
yet dear whether this covalent catalysis in the polymerase- 
catalyzed reaction relates to in vivo priming (296). Physioloo- 
icaly this makes sense, however, since the formation of rela- 
tively few high-molecular-weight PHA molecules is expected to 
be favored over the formation of many Iow-molecular-weight 
PHA oligomers. As pointed out above, PHA is considered an 
osmotically inert macromolecule which depends on having a 
high molecular weight. Slow PHA polymerase activation in the 
priming process, combined with a rapid polymerization once 
activated enzyme forms micelle structures, appears to ensure 
tne tormation of high-molecular-weight materials 

7uv l tU f l l S K Gcrn S ross and Martin have, furthermore, 
established that the minimal requirements for P(3HB) synthe- 
sis are the (/?)-3-hydroxybutyrvl-CoA substrate and PC3HEH 
polymerase (69). P(3HB) polymerase is present both in soluble 
and granule-bound forms, but the soluble P(3HB) polymerase 
appears less active. Because of the higher activity when granule 
bound, optimal P(3HB) accumulation occurs when more en- 
zyme is associated with the growing granule. Maintenance of 
the available surface is thus critical for efficient P(3HB) pro- 
duction. In subsequent studies, Martin and Gerngross ob- 
served that the size of in vitro-synthesized granules is related to 
the amount of protein added to the assav mixture, irrespective 
of whether this protein is PHB polymerase or an unrelated 
protein such as bovine serum albumin (161). 
■ PhaP is a natural PHA-binding protein that determines the 
size of PHA granules. phaP was identified in genetic studies as 
a Jocus causing a P(3HB) leaky phenorype in R. eutropha. The 
phaP gene was cloned from a cosmid library and found to 



encode a 24-kDa protein that binds to the P(3HB) granule 
Immunochemical analysis with anti-PhaP antibodies revealed 
that the protein is always granule bound and no free PhaP is 
present in the cytoplasm of the wild-type strain. Genetic stud- 
ies have furthermore shown that the concentration of PhaP is 
inversely related to the size of the granule, since overexpres- 
sion of PhaP resulted in the formation of many small P(3HB) 
granules while zphaP mutant contained only a sinole Pf3HB) 
granule. The P(3HB) leaky phenotype in phaP mtitants may 
therefore be the result of a decreased surface area available for 
P(3HB) synthesis and causes the observed low polymerase 
activity (289). This situation indicates an interesting regulatory 
phenomenon in which maximal activity is obtained^by localiza- 
tion of the enzyme to a site which is created and maintained bv 
a structural protein. PhaP is not essential in this regard but in 
vivo this protein is likely to be involved in maintenance of thc 
optimal intracellular environment for P(3HB) synthesis and 
utilization and as such provides guidance durine the process of 
granule formation. " , 

The characteristics of PhaP and related proteins are remi- 
niscent of those of oleosins, proteins that associate exclusively 

mVrf 0iI b ° dicS ° f oiJ -P roduci ng Plants. For that reason. 
PhaP-hke proteins are generally referred to as phasins. It ap- 
pears that oleosins play a structural role in maintainino the 
integrity of individual oil bodies by preventing their coales- 
cence (97). Such a role would be especially valuable upon 
germination of the seeds, when oil degradation is enhanced by 
a larger surface-to-volume ratio. PhaP and related proteins like 
GA14 from Rlwdococcus ntber, GA14 and GA23 from Meihv^ 
ohaaenum rhodesenium, GA13 horn Adnetobnacr. and the* 
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S £££^2 Aemm °™ Probably have 

(56, 57. 19? ^4) arC « enera,, y described ^ phasins 

P(3HB)-negative and leaky mutants have been ™\»,~* r 

phobic Xit^J&JS^J* 0 "^-terminal hydro- 
PhaP to the P«Hm „ r 7 - be C r? entiaI for the bi "ding of 

^o^S^l!Z^TJ h f derivat,Ves that 2* 

do so. Tte waVfcXr hydr °P h ° b ! c doma «* were unable to 
these cartSJLbS hv Z P h r H d by ^ ^ that whe " 
etaldehyde fehvZgenaTe H^f ' - E, ° nS ™ K fuSed to ac " 
the surface of^amXf ■ ' tbe jY sloa P rot ™ localized to 
cytosol (196) * fa m V,V0 3nd Wtro rather «han to the 

decreasing aluntfofen^J °"^ theJ ; iZed P < 3HB > Whe « 

the resulting pollt " s £^ w °* molecul ^ weight of 
substrate JZ^twT&f'J* 0 * 0 ™? 0 the initia ' of 
tern to varv PHA Li y V S,ng an lnd "cer-controlled sys- 

the culture medil (242)! '"^ concentra »°n in 
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Other Pathways for ssc-PHA Formation 

«^™hi£KS« many PHAS tha « arC Synth - 
from their «loHS^ m 'T , ^ anii,nS " a " ° ri S , "" atin S 
ary history NofSnS, h W " h their OWn solution- 

pathways for TriA b Sniht ^ C Same b,o,0 S ica ' 

prints undoubted^ var^Th, /h' SmCC th D e ' r me,abo,ic b,ue - 
volves the reacts caS JS hv ^"f P P(3HB) P athwa y ™- 
merase, as «mSSS ^ « by ,h,olase ' red ««ase, and poly- 
Howe v ; r , some X nm ? * e "' r ^ /,fl and Z ra 4<™. 
PHA formation P " Se alternative P^ays for 

rom the metlSiSlonvrro^ T "J ' Ch 3 " HV is derived 
'ays are found? S ? P hway " Two ad d"ional path- 

'hkh Z^Jl£?fiS£? of r rRNA homo,ogy S rou P 

mediates fo?^.?ff ^ ?. r acid ^thesis i„. 
•ays for the ^SpSr i0 ^ f bios y"hetic pa.h- 
:vel of mo^ m Tc oA ^ haVe,hereforediver S eda tthe 
•erases JSh^^^ rOUtes ' whiIe ««* Pdy- 

.onomers. These oathwav^ L ' ^ ° f medll ""-chain 
rction. P^hways are discussed in more detail in this 

icefa Sy a n nJn SiS Wi,h , an eno - v, -CoA hydratase. A. caviae pr0 
Sr^^?3Si r ;; -hydroxyburyrate (3HB X 

ttv acids or o",Ve oil a^hl f" ^T" 8 °" eve ™bered 
or oiive o.i as , he S0 Ic carbon source. When grown 



on odd-numbered fatty acids a PHA ;< „~„i j ■ 
primaril y of3HV,butsSa^ 

(45). The crystallinity of a t^^SSS^t h ^ 

10% with an mcreas ns 3HH fractinn ujo t0 
decreased melting tenJa^^p2fe5^-«™« * 
estmg polymer for several applications where a ™5 • ? A"-" 

polymerase (encoded bypAaQ enovl-PnA . , PHA 
ed Iby/Wand a phas^(encided t StS'T 
sufficent for PHA formation in PH3-S V e £^ 
hosts (61. 63. 234). The identification of £5 Z\l ° 8 T 
enoyl-CoA hydratase suggested that the PHA K u. C 
pathway in A. caviae proceeds from enov! C^, h b,0Syn,hetic 
the fatty acid oxidation pa^^r7r£5^, enVa,,Ves . 0f 
crotonyl^CoA to (*)-3 -hydnS&^^ f 01 "* 1 ^ 

pentenoyl-CoAandhexenoyl-^AtoPHA « Converts 
does not convert octenovf ^A It 1, T P k recunioni . b «» 
PHA-negative JffiSl ^^1°^ ^ "»* 
whereas others are ZgZ^ZgZ™" ^ 

therefore un que as the first <£r PHa k- uy P na{ ~ PhaJ is 
sides ^n^^SSWg ^ bC " 

c«^prrdfa r S' P ^ 
and Me'rnck from almoSTo?^ Z m«S ° h f 
Rhodospirillum rubrum these auLrfrSo 0 ' J e ' r WOrk ° n 
P(3HB) synthesis that h^£Z£^££tf 
he « enantiomer and the other spedfic c P * fiC f ° r 

(171). R. n,brum is able to synthesS ?SL L e " an,,0mer 
niedium-chain fatry acids up to S% of tKl^SX Se 
major monomers are the C and r fo.„. •!! i ^'S 111 - The 
whether the carbon sour S nL an on 
carbons. Small amount^of C and £™1 ^ nUmber of 

range of conditions in the absence nfl S U " der a 

genase activity. The anafvsk of Zl , s, S ni ^ transhydro- 
ta^ismdemLtraVdlSh^ 

gSwTo ™°se °^ niUm - DU "' nS 

formation oTSS" Su^i^^"^? Pr T nt J"' 

S™Cr Slali ° na,y Phase < 3 ' 172 >- 
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FIG. 7. Biosynthetic pathway for P(3HB-3HH). P(3HB-3HH) monomers arc derived from fairy add degradation by convertinc enoyl-CoA intermediates directly 
to {7?)-3-hydroxyacyl-CoA precursors by an (K)-specific enoyl-CoA hydratase (PhaJ). 



methylmalonyl-CoA pathway (290). In this pathway, succinyl- 
CoA is converted to methylmalonyl-CoA, which is decarboxy- 
lated to propionyl-CoA (Fig. 8). A mutant strain of N. coralline 
was constructed in which the gene encoding the large subunit 
of methylmalonyl-CoA mutase was disrupted. The 3HV frac- 
tion in the PHAs formed by the resulting mutants was reduced 
from 70 to 4% compared to that in the wild-type strain. How- 
ever, the mutants still accumulated P(3HB) on glucose and 
succinate and a P(3HB-3HV) copolyester on valerate (275), It 
appears that N. corallina derives PHA monomers from both 
the fatty acid degradation pathway and the traditional P(3HB) 
biosynthetic pathway, in contrast to A. cnviac. 

Pathways for msc-PHA Formation 

mse-PIIAs from fatty acids. msc-PHAs were not discovered 
until 1983, when Witholt and coworkers serendipitously found 
that P. oleovorans grown on 50% octane fornied a material that 
was pliable under conditions where samples are prepared for 
freeze fracture electron microscopy. Because these materials 
left mush room -like structures in the electron micrographs 
where P(3HB) formed spike structures, further characteriza- 
tion was warranted (41). By using chemically synthesized stan- 
dards, the inclusions formed from /j-octane were determined 
to be made of a copolyester consisting of 89% (/?)-3-hy- 
droxyoctanoate and 11% (tf)-3-hydroxyhexanoate (135). 

Subsequent studies showed that the composition of the 



PHAs formed by pseudomonads of the rRNA homology group 
1 were directly related to the structure of the alkane, alkene, or 
fatty acid carbon source (37, 105, 135). When the carbon 
source consists of 6 to 12 carbon atoms, the monomers in the 
PHA are of the same length as the carbon source or have been 
shortened by 2, 4, or 6 carbon atoms. When the carbon source 
is a straight-chain C, 3 to C J8 fatty acid, the composition of the 
polymer resembles that of the C, ,- and C I2 -grown bacteria 
(105). Use of mixtures of hydrocarbons or fatty acids as the 
carbon source results in the formation of PHAs in which the 
composition is a reflection of the ratio of the two carbon 
sources. For instance, when P. oleovorans is supplied with mix^ 
tures of octane and 1-octene, the ratio of monomers with an 
unsaturated bond ranged from 0 to 50% depending on the 
fraction of 1-octene in the substrate (135). By analog)', substi- 
tuted 3-hydroxyalkanoates were introduced to different levels 
by supplying 7-methyIoctanoate, S-bromooctanoate, pheriylun- 
decanoate, or cyanophenoxyhexanoate as the cosubstrate (5S- 
60, 85, 124, 126). Incorporation of the last of these substrates 
results in PHA with monomer constituents that are hypcrpo- 
larizablc and may confer nonlinear optical properties to the 
polymer (124). 

The composition of these PHAs and their direct relationship; 
with the structure of the growth substrate suggested that the 
msc-PHA biosynthetic pathway is a direct branch of the fatty 
acid oxidation pathway (Fig. 9) (135). In this pathway, fatty/ 
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FIG. 8. Biosynthetic pathway for P(3HB-3HV) from carbohydrates. Some 
microorganisms accumulate P(3HB-3HV) without supplementation of propi- 
onate valerate or other fatty acids. Propionyl-CoA in these species is 
formed through the methylmalonyl-CoA pathway, which originates from succi- 
w-Sn^™^ ^ ^ Pro P ion y'-CoA and acetyl-CbA are converted to 
P(jHB-3HV) by the typical Phb enzymes. 



weight of PHA from a depolymerase mutant was not higher 
than that of PHA from the wild type (106). The latter obser- 
vation prompted the hypothesis that the molecular weight of 
PHA is determined by the activity of the PHA polymerase 
Based oh in vitro analysis of the PHA polymerase from P. 
oleovoransi it has recently been suggested that the substrate is 
the limiting factor for PHA formation. Overall, these in vivo 
and in vitro experiments suggest that the substrate/enzyme 
ratio, and hence the substrate concentration and enzyme lev- 
els, determines the molecular weight of the resulting PHA 
(129, 130). 

msc-PHAs from carbohydrates- When fluorescent pseudo- 
monads of rRNA homology group I are grown on sugars, a 
PHA that consists primarily of C 10 and Q, monomers is formed 
(84, 102, 270). Evidence suggests that these monomers are 
denved from intermediates of fatty acid biosynthesis and that 
the composition of the PHAs is probably a reflection of the 
pool of fatty acid biosynthetic intermediates. 

It is well known that temperature affects the fatty acid com- 
position of bacterial membranes. Since this effect is due to 
enzyme activities in fatty acid biosynthesis, the PHA composi- 
tion was studied in relation to the growth temperature. When 
P. putida was grown on decanoate, the PHA composition was 
almost identical irrespective of the growth temperature. In 
contrast, when glucose was the substrate, the fraction of un- 
saturated monomers increased from 10 to 20% and the frac- 
tion of monomers longer than C 10 increased from 18 to 28% 
when the temperature was lowered from 30 to 15°C. Since the 



acids are degraded by the removal of Q, units as acetyl-CoA. 
The remainder of the pathway oxidizes acyl-CoAs to 3-keto- 
acyl-CoAs via 3-hydroxyacyI-CoA intermediates. The substrate 
specificity of this msc-PHA polymerase ranges from C 6 to C u 
(/?)-3-hydroxy-alkanoyl-CoAs, with a preference for the C 8 , G,, 
and C 10 monomers (105). However, because the P-oxidation 
intermediate is (S)-3-hydroxyacyl-CoA, an additional biosyn- 
thetic step is required for synthesis of the (7?)-3-hvdroxyacyl- 
CoA monomer. Whether this PHA precursor is the product of 
a reaction catalyzed by a hydratase (as in A. caviae), by the 
epimerase activity of the p-oxidation complex, or by a specific 
3-ketoacyl-CoA reductase is unknown. 

Given the different biosynthetic pathways, it is not surprising 
that the pha loci in the msc-PHA-forming pseudomonaJs are 
very different from the pha loci in the ssc-PHA-forrning bac- 
teria (Fig. 4). Genes involved in msc-PHA formation have 
been characterized from P. oleovorans (107) and P. aeruginosa 
(269). In both species, two closely linked PHA polymerases 
were identified, and PHA polymerase genes are separated bv 
one open reading frame. The two polymerases are approxi- 
mately 50% identical in their primary structure and appear 
equally active in PHA synthesis from fatty acids (106, 107) or 
glucose (102). The open reading frame between phaCl and 
phaC2 complements a mutation that prevents the utilization of 
accumulated PHA. The presence of a lipase box in the primarv 
structure of the product of this gene,/?AaZ, and the homology 
of the gene product to other hydrolytic enzymes suggest that 
this gene encodes a PHA depolymerase (107). Downstream of 
phaCl are three genes of unknown function, which may bind to 
the PHA granules (281). 

In vivo experiments with P. putida showed that when either 
of the two PHA polymerase genes (phaCl or phaCl) was 
introduced on a multicopy plasmid. the molecular weights of 
the PHAs decreased. These reductions were not caused by an 
increase in PHA depolymerase activity, since the molecular 
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ratio of unsaturated to saturated monomers increases at lower 
temperature for both membrane lipids and PHA, a metabolic 
relationship between fatty acid biosynthesis and PHA forma- 
tion from glucose was suggested (102). 

Further corroboration of the involvement of fatty acid bio- 
synthesis in PHA formation for glucose and p-oxidation from 
fatty acids was obtained by inhibition experiments. Nongrow- 
ing cultures of P. putida are able to synthesize PHA from either 
glucose or fatty acids when carbon sources are in excess. How- 
ever when cerulcnin (a fatty acid synthesis inhibitor) is added 
to such cell suspensions, no PHA is formed from glucose 
whereas PHA is still synthesized from fatty acids. Similarly, 
acrylic acid, a p-oxidation blocker, prevents the formation of 
PHA from octanoate but not from glucose (100). 

These experiments confirmed that PHA formation from glu- 
cose is linked to fatty acid biosynthesis (Fig. 10). Since fatty 
acid biosynthesis proceeds via (/?)-3-hydroxyacyI-ACP. a new 
enzymatic activity was required that converts this intermediate 
to (/?)-3-hydroxyacyl-CoA. Recently, Rchm et al. determined 
that the gene product of phaG is responsible for this conver- 
sion (214). 

Some Pseudomonas spp. can incorporate both ssc- and msc- 
PHA monomers in the same polymer chain. Typically, these 
PHAs are formed when these strains are crown on unrelated 
carbon source such as carbohydrates or 1.3~-butancdiol (2. 116. 
139, 255). The PHA polymerases synthesizing these ssc- and 
msc-PHAs must therefore have a very broad substrate range. 
This type of mixed PHA is probably exceptional since it has 
been shown that physical constraints prevent the forriiation of 
mixed granules containing both P(3'HB) and msc-PHA chains. 
This was concluded from experiments where a recombinant P. 



putida strain containing both the chromosomal phaC and a 
copy of the K eutropha phbC on a plasmid was shown to 
accumulate individual granules composed of either P(3HB) or 
PHA (206, 268). The recent isolation of PHA polymerase 
genes from Pseudomonas sp. strain 61-3, which accumulates 
P(3HB) and P(3HB)-co-PHA granules from glucose (117) 
should provide further insights into the simultaneous metabo- 
lism of the two types of PHA. — 

Physiological and Genetic Regulation of PHA Production 

The regulation of PHA production is quite complex, since it 
is exerted at the physiological level, through cofactor inhibition 
of the enzymes and availability of metabolites, and at the 
genetic level, through alternative tr-factors, two-component 
regulatory systems, and autoinducing molecules. Another level 
of regulation is discussed above and relates to granule size and 
molecular weight control by levels of PHA polymerase and 
phasins. 

Several leaky mutants of R eutropha that have a phenotype 
of reduced P(3HB) synthesis have been isolated. Mutations in 
phbHI alter the timing of P(3HB) synthesis, suggesting a reg- 
ulatory role for the corresponding gene products. Whereas the 
wild-type strain synthesized P(3HB) to approximately 90% 
phbHI mutants accumulated P(3HB) to 50% of their dry cell 
weight, although levels of the P(3HB) biosynthetic enzymes 
were similar in the wild-type and mutant strains. Upon contin- 
ued incubation of the mutant strain, the polyester was de- 
graded: This degradation of the polymer was not seen to an 
appreciable degree in the wild-type strain. The mutant also 
lacked the ability to transiently secrete 3HB (3 mM maximal- 
ly), in contrast to the wild-type strain, and secreted pyruvate 
temporarily up to 8 mM instead (210). 

Mapping and nucleotide sequencing of the Tn5 insertions 
indicated that the phbHI mutants resulted from the inactiva- 
tion of genes encoding homologs of the £. coli phosphoenol- 
pyruvate phosphotransferase system (PEP-PTS). Phbl has 
39% identity to enzyme I of E. coli and Salmonella ryphi- 
murium, while phbH encodes a gene product with 35% identity 
to HPr from E, coli. S. typhinmrium, and Staphylococcus aureus 
(210). The PEP-PTS is involved in the PEP-dependenl uptake 
system of sugars in E. coli and S. ryphimurium (201), but HPr 
has also been implicated in regulating chemotactic signaling in 
£. coli (74) and in regulating o; 54 -directed transcription (216). 
Pries et al. proposed that this "leaky" phenotype of phbtil 
mutants could actually be caused by aberrant regulation of the 
P(3HB) degradation pathway and suggested thanhc activity of 
the P(3HB)-degrading enzymes was controlled by phosphory- 
lation through metabolic signaling that involves a PEP-PTS 
(210). 

Mutants with mutations in phaL compose a second class of 
leaky mutants of R. eutropha. This gene encodes the lipoamidc 
dehydrogenase component of the pyruvate dehydrogenase en- 
zyme complex. The phaL mutation resulted in the accumula- 
tion of only one-third of the normal amount of P(3HB). In- 
stead of funneling excess carbon into P(3HB) upon nitrogen 
limitation, this mutant secreted pyruvate up to 33 mM. After 
the complete consumption of the initial carbon source (fruc- 
tose), pyruvate was utilized as the carbon source. Apparently 
the phaL mutation results in a decreased flux of carbon into 
acetyl-CoA and the TCA cycle. As a consequence, the cells do 
not efficiently metabolize pyruvate upon nitrogen exhaustion . 
and secrete this intermediate. It is of interest that these mu- 
tants grow as well as the wild type, as it was expected that a 
decreased Mux through the TCA cycle would affect the growth 
rate. Although xhcphaL mutation is a Tro insertion within the 
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gene, the mutant still has residual lipoamide dehydrogenase 
activity. Indeed, it has been shown that K eutropha has two 
enzymes that specify this activity. The regulation of these two 
genes and the roie of the second lipoamide dehydrogenase 
remain to be determined (209). 

Azotobacter vinelandii UWD is a mutant strain that synthe- 
sizes P(3HB) during growth (184). This strain is impaired in 
NADH oxidase and uses the NADH-NADP transhydrogenase 
and P(3HB) synthesis to regenerate NAD during growth (158). 
The increased NADPH level that results from this mutation 
causes inhibition of citrate synthase and the TCA cycle. Con- 
sequently, acetyl-CoA accumulates and is converted to P(3HB) 
through the NADPH-dependent pathway. This branch point in 
acetyl-CoA metabolism to either the citric acid cycle or 
P(3HB) biosynthesis is also important in ft eutropha (89). Park 
et al. created an increased flux of acetyl-CoA to P(3HB) pro- 
duction by introducing a leaky mutation in the isocitrate de- 
hydrogenase of K eutropha (188). These findings indicate the 
importance of the redox balance in the cell in the control of 
PHB formation. 

In Acinetobacter spp. P(3HB) synthesis is stimulated by low 
phosphate concentrations. A promoter that might be respon- 
sible for this regulation was identified by primer extension 
analysis and found to contain a sequence that is homologous to 
thepAo box identified in E. colt. Whereas all three phb genes 
appear to be preceded by a promoter region, the phosphate- 
inducible promoter is only found upstream of the first gene, 
phaB. This could indicate that for efficient P(3HB) synthesis,' 
the reductase enzyme is limiting and only under conditions of 
phosphate limitation is the P(3HB) biosynthetic pathway op- 
timally induced (233). 

Regulation of PHA synthesis in Pseudomonas has been stud- 
ied to a limited extent. Many pseudomonads are able to syn- 
thesize PHAs by two different pathways: through fatty acid 
biosynthesis when grown on gluconate or through fatty acid 
degradation when grown on fatty acids. The two PHA poly- 
merases that have been identified in P. putida are functional in 
either of the two biosynthetic pathways (102). In P. aeruginosa, 
the pathway from gluconate is strictly controlled by RpoN. the 
a subunit of RNA polymerase, while the pathway from fatty 
acids is completely or* 4 independent (269). In contrast to other 
msc-PHA producers, />. putida KT2442 synthesizes PHA dur- 
ing exponential growth when grown on fatty acids (106). Re- 
cently, the involvement of a two-component system homolo- 
gous to the sensor kinase/response regulator couple LemA- 
GacA was found to regulate PHA synthesis in this strain (15). 
LemA, GacA, and their homologs can sense environmental 
conditions and relay these signals to control the expression of 
a diverse set of genes (30, 71, 95, 137, 228, 294). Given the 
potential role of PHAs in nature as a store of excess carbon 
and reducing equivalents, it is not unlikely that PHA formation 
is part of a regulon that is controlled by growth conditions. 
^ The synthesis of P(3HB) in Vibrio harveyi is regulated by a 
3-hydroxybutyryI-homoserine lactone (258), a signaling mole- 
cule that accumulates at high cell densities. A variety of mi- 
croorganisms regulate the expression of genes at high cell 
density with such acyi-homoserine lactone derivatives (66). 
The possible involvement of such signals is consistent with the 
Dreferred production of PHAs in stationary phase. Since it was 
recently shown that GacA homologs and acyl-homoserine lac- 
:one derivatives may work through a common signaling path- 
vay (137, 215), the regulatory circuits active on the PHA regu- 
on become more complex. Further studies will clarify whether 
3 HA accumulation is generally regulated by these signals and 
;ignai transducers and how environmental information is re- 
aved to the PHA biosynthetic genes. 
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TABLE 3. Location of phaQ with respect to the endogenous PHA 
polymerase-encoding gent phaC 



Microorganism 



Location of": 



A. caviae 
Acinetobacter 
C. vinosutn 
M. extorquens 
N. corralina 
P. aeruginosa 1 
P. aeruginosa 2 
P. denitrificans 
P. oteovorans 1 
P. oteovorans 2 
R. eutropha 
R. etli 
R. meliloti 
R. sphaeroides 
R ruber 
Synechocystis 
T. violacea 
2. ramigera 



phaC 


phaQ 


s° wcnap 


2640-4478 


2657-4303 


89.6 


2351-4123 


None 


831-1898 


907-1953 


92.9 


1099-2736 


591-2741 


100 


471-2156 


551-2587 


95.3 


1266-2945 


1472-2935 


87.1 


4259-5941 


4687-6096 


74.6 


662-2536 


205-1605 


503 


552-2233 


492-1908 


80.6 


3217-4950 


3093-5063 


100 


842-2611 


1075-2619 


86.8 


121-2031 


48-1400 


67.0 


316-2049 


<1-1934 


93.4 


1023-2828 


918-2773 


97.1 


786-2462 


119^2419 


97.4 


2242-3378 


None 




3028-4095 


2028-4016 


92.6 


740-2470 


733-2373 


94.4 * 



"The location of the coding regions with respect to the reported pha se- 
quences is indicated. 

* The percent overlap indicates the length of the phaC gene that has phaQ 
sequence on the complementary strand as part of the length of phaC. It is 
unknown whether phaQ represents coding information for an actual protein or 
RNA molecule. 



A hitherto unnoticed open reading frame (phaQ) is located 
on the opposite strand of all but two of the phaC genes (Table 
3) (103). It is unknown whether this putative open reading 
frame is transcribed. Proteins possibly encoded by phaQ have 
no similarity to any other protein in the GenBank database. 
We can therefore only speculate on a function of this open 
reading frame, and a protein or RNA originating from this 
locus could be involved in regulating PHA metabolism. 

Maintenance of Redox Balance in Nitrogen-Fixing Bacteria 

PHA formation in Rhizobium spp. is npt commonly studied 
for reasons of PHA production, but it provides an excellent 
example of the interplay between cellular metabolism and 
polyester formation. The symbiosis of RJiizobium species with 
their host plants provides the plant with a system to fix atmo- 
spheric nitrogen through the action of the bacterial nitroge- 
nases in the bacteroid. The complex development of Rhizo- 
bium bacteria from free-living cells to bacteroids inside the 
plant vacuoles after infection of the plant root system is an 
important subject of study for the development of more effi- 
cient plant crops. Werner et al. have indicated that the activ- 
ities of the enzymes acting on the amino acid pool of the 
bacteroid are directly related to the effectiveness of the nod- 
ules in nitrogen fixation (288). Bergersen et al. postulated that 
P(3HB) plays a role in the physiology of bacteroids in the 
nodule (11). The metabolic activity of the bacteroid is thus 
critical for the establishment of successful symbiosis. 

Transposon mutants of RJiizobium meliloti with defects in 
P(3HB) formation were generated and examined for their ef- 
fects in symbiosis. The phenotypes of four P(3HB)-negative 
mutants were similar to that of the wild-type strain with respect 
to induction of nodule formation on alfalfa (Medicago. sativa). 
In addition, the ethylene- reducing activity, a measure of the 
nitrogenase activity, was also not affected in these phb mutants. 
Such results prompted the conclusion that efficient svmbiosis 
between R. meliloti and alfalfa is not affected by alterations in 
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not 2mS? met . abo,ic P^hways (203). This finding is actually 

d^S^S. """" baCter0idS ^ d ° "* 

may be due to low activity .of the NADPH-dependent malic 
enzyme 49) Malate and other four-carbon dicTrbo^cTdds 
are provided by the plant and are the preferred carbo? ou?ce 

either the uptake system for these substrates or the malic 
are r SevereI y affected » n^ogen fixation. RnSbd 
ftas two malic enzymes, one of which is NADH deoendent 
(encoded by dme) and the other of which is^PH^- 

sneSni l„ . th ^ e - hvin S state, Tme expression is repressed 
specifically ,n the bacteroid whereas Dme is inhibited by acetyl- 
CoA. As a consequence, P(3HB) formation is inhibited be- 

Se^ntTn ST^v tC ?* ^ feW rCdudn S are 
present m the* mehbta bacteroid to pull acetyl-CoA to 3-hv- 

SStSt 0 * W Kg - 11A) - ^ -etab^l^ inS. 
//toft may have evolved so that P(3HB) is not formed in the 
bacteroid, since P(3HB) formation doe4 not benefit the sym- 

In contrast to R meliloti, R. etli does form P(3HB) in both 
he free-hvmg and bacteroid state. R. etli GE3 s auxotropWc 
for b I0 t,n and thiamin, cofactors for pyruvate dehydrogenase 
and a-ketoglutamte dehydrogenase, respectively, and In the 
° f thCS f ^r*" 5 P ( 3HB ) was accumulated to h 2 
levels As a result of these auxotrophies, the TCA cycle cannot 

rrthfTrf T ,n aer ° biC ***** and "he 
a „ ° f H TCA ^ as an overflow mechanism for carbon 
and reducing equivalents appears to be taken over by P(3HB) 

ISdh ( - 3) - P ( 3 V B) - ne * a,ive mutant of R. e,/was con- 
structed by ,nsertion of an antibiotic resistance marker in the 

Sucoio? 711,5 mU,ant u strai " ™ growth impaired when 

anaTwTsTeT ^ C "5f n S0UrCe but n °< whe " 'un- 

cinate was the carbon source. On succinate the mutant ex- 

NAD to NADH S "7"^ " d had a 'ower - 1 of 
NAD to NADH compared to the parent strain (23). These 
data underscore the importance of P(3HB) formation for 

to? S3? e rcdox balance and suppor "^ 3 fun «' ona < 

In contrast to the wild-typc strain, nodules of the R etliohaC 
mutant showed higher and prolonged nitrogenase acd ty 
wh,ch fixes atmospheric nitrogen into ammonium ions. As a 
consequence, plants moculated wilh the phaC mutants had a 
intl T° gCn -°r nt (23) - 11 W3S Prosed that the Increase 
used hv ng t eqU,ValemS - n - he abSCnCe of P (3HB) formation is 
used by nitrogenase, s.m.lar to a Rhodobactcr sphaeroides 

Sr fcT !1 VC mUtant Whkh USCS " hc increascd ^uctive 

S the * S r p 0 fu R f ner,1, !° n (,09) - 7110 resul,s obtai » ed 
for , P <? H1 ?)-ncgaiivc mutant led to an explanation 

for the eBicicncy of alfalfa nodules in nitrocen fixation Tliesc 
nodules are the result of a symbiosis with pheSpVcal y 

!S£?o7S IW? ™ ///o V' hich ,ead * «° ™ increasedavaiN 
ability of reduc.ng power for the nitrogenase enzyme (90) 
Apparently, nature has evolved the alfalfa-* m^/ 0 ,/' S ymbios s 
Whv ?r» n,tr ,° gen K Xati ° n bV P revcnti "§ P (3HB) formation. 
pT?Hm f, Symbl0S ' S With P ea has not selectcd gainst 
1,5! f0 | rmatl0n « * mystery but prompts one to believe that 
rpHB) plays another role in this relationship, possibly for 
survival of R. etli in the free-living state (23) 

Hahn et al. studied the,,// region of BradyHiizobium japoni- 
cum and found that Tn5 mutants in the nitrogenase-encoding 
mju, mJK, and mfH genes resulted in increased P(3HB) accu- 
rmilat.on (76). Apparently, the absence of nitroncn fixation in 
mese B. japomcum mutants also results in an cnen-v status of 
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p h GH e B. th s a ifh PI?0m iMreaSed P(3HB ^ " seems that 

r(3HB) synthesis serves as an alternative oathwav in Z. 

mutants for the regeneration of reducing eqSS ^ 

studies of ammo acid uptake mutant* in P • 

(Aap) which unports amino acids or exports ri«a£S?1£ 
been identified in this organism. However wLV P h,? a m,\ • 
secreted, no amino acids are taken ^ 
activity of this transporter were mS^S^S^ 

^theise <W m £Et£Z^^ 
(sucAB). A second class of mutants had mutations in XT 
encodmg P(3HB) polymerase. The increased ecS 
tamate due to mutations in either the TCA cydr o rpnHR 
synthesis prevented aspartate uptake to confe? the Snci 
phenotype. Glutamate therefore appears not to be Snan! 
as a carbon and energy source; instead, the svnthesKJS 

TcTicfeTpHB D e a S r al ' y R in thC absenc « ( of a functfonal 
. ^. 0 L r ^J 8 Pathway. Because bacteroids are tvoicallv 
anaerob,c, the TCA cycle requires cofactor regeneraSn by 
other means than oxidation with molecular oxygen A DD ar 

?oM283) ama,e SymheSiS P(3HB) ^ 

In the bacteroid stage, the nitrogen fixation apparatus is 
competing with P(3HB) formation for reducing equivalent 

° 3 M e " nder ^aerobic or microaerobic conditions 
Fig HQ. In the bacteroid, the reducing equivalents arc used 

for P(3HB) formation as well. In the free-living state nitroee- 
nase is not expressed and P(3HB) plays a role as a sink W 
excess NAD(P)H when the TCA c/cfe is' not completely acti e 
By regulating the levels of the three different pathwavs to 
ox.d,ze NAD(P)H, different Rhizobiu m spp. have evolved a 
vanety of symbiotic conditions. evolved a 



Conclusions 



PHA biosynthesis proceeds through the action of only a few 
enzymes, which are specifically involved in PHA formation 
The genes encoding these enzymes are essential for PHA for- 
mauon. In addition, a range of other activities affects the 
amount of PHA that is accumulated, including enzymes that 
are involved m central metabolism, global melabohc reVula- 

uleW^oT? rl main,cnance of surface of PHA gran- 
ules _(F.g. 2). Taken together, these molecular ccnctic data 
provide a gl.mpse of the complexity of PHA metabolism. Since 
PHA formation is dependent on the fluxes in central metabolic 
pathways and the levels of precursors, a detailed knowledge df 
the molecular physiology of PHA metabolism is critical for 
successful implementation of transgenic PHA producers Un- 
hkc the production of heterologous proteins, which relies 
mostly on suffice™ gene expression, recombinant PHA pro- 
duction involves coordinated expression of heterologous en- 

S„°n V f e t r , a Pr0 'l n§ , Cd P ° ri0d and with a ^ncomitant redi- 
rection of the metabohsm of the host. As a consequence of the 

oTne's hi 8C V m ? dUCed by eXpreSS,n S ,hc P ha and Pl' b 
genes, the cell W!ll induce its own responses, which arc not 

nccessanlj. favorable for PHA production. It is lherc f or e crl- 

ical to understand how bacteria normally re-uLuc PHA for- 

mnnon and how undesired responses from a recombinant host 

can- be prevented. Only then can recombinant processes be 
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essfully developed and lead to what are expected to be the 
i efficient PHA production processes. 

RODUCTION OF PHAs BY NATURAL ORGANISMS 

le different examples provided in the previous section il- 
ate the diversity of the microbial community with respect 



to different metabolic pathways that are prominent in bacterial 
species isolated from different sources but that all lead to the 
formation of PHAs. It is this diversity of pathways that pro- 
vides the bricks for the construction of an optimal recombinant 
PHA producer. Those optimal recombinant PHA producers 
can be evaluated only in the context of the wild-type organisms 
Therefore, in this section the state of the art in PHA^produc- 
tion by natural organisms is described to provide the back- 
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FIG. 12. Ancillary genes encoding enzymes and proteins that affect PHA 
accumulation. Three enzymes encoded by three genes are essential for P(3HB) 
formation. Several other gene products, however, affect P(3HB) formation, and 
mutations in the corresponding genes may decrease P(3HB) levels. Such en- 
zymes and proteins can act on different aspects of P(3HB) formation: monomer 
supply, cofactor regeneration, granule assembly, or polymer degradation. 



ground information needed to assess the, merits and prospects 
of recombinant organisms^ * 

P(3HB) was the only PHA known for almost 50 years until 
Wallen and Rohwedder (282) identified a number of addi- 
tional 3-hydroxy fatty adds in active-sludge samples. The major 
force to commercialize PHAs was Imperial Chemical Indus- 
tries, Ltd. (ICI), in the 1970s. Several bacterial species were 
evaluated as potential production organisms. The low cost of 
methanol and ICI's experience with fermentations of methanol 
utilizers made methylotrophic bacteria the obvious first choice. 
However, the amount of polymer produced per cell was insuf- 
ficient and its molecular weight was too low for the envisaged 
applications. The second organism of choice was Azotobacter, 
since it was microbiologically well understood and was recog- 
nized as a putative production organism. However, the studied 
strains were unstable and secreted polysaccharides. Obviously, 
the formation of any by-product is undesirable and should be 
kept to a minimum since it directly impacts the yield of prod- 
uct. The third organism of choice was R eutropha, which pro- 
duced high-molecular-weight P(3HB) on fructose. Accumula- 
tion of P(3HB) by R. eutropha proceeds preferentially under 
nitrogen- or phosphate-limiting conditions. The resulting pro- 
duction process with this bacterium was in 200,000-liter stirred 
fermentation vessels (20). 

The first copolymer that was produced in fermentation sys- 
tems also initiated the subsequent surge in interest in PHAs. A 
patent by Holmes described the controlled synthesis of P(3HB- 
3HV), in which the 3HV fraction in the polymer could be 
controlled by the concentration of propionate in the growth 
medium (92). After the discover)' of polyhydroxyoctanoate 
(P(3HO-3HH)] (Fig. 1) in octane-grown P. oleovorans (41), the 
range of different constituents of PHAs expanded rapidly, and 
currently close to 100 different PHA monomers have been 
identified (254). 

Comparison of PHA production by different organisms is 
generally not informative, due to the diversity of PHAs, pro- 
duction organisms, substrates, and growth conditions used by 
different laboratories. One should also consider that the ratio- 
nale for the various studies may be different and that the 
different experimental details render the results not compara- 
ble. In sophisticated fermentation systems, higher cell densities 
can be obtained, which inherently lead to higher productivities 
per unit volume. In this section, we describe the different 
procedures that have been used to study the production of 
PHAs. The results are therefore generally presented in terms 
of "PHA accumulation as the percentage of the cell dry 
weight" and "monomer composition as the percentage of the 
polymer." In general, these studies provide strategies and clues 



to increase productivities for industrial-scale operations Pro 
duction studies with the three most extensively studied orean 
isms are described and are followed by a section on the use of 
raw but cheap carbon sources for PHA formation bv other 
organisms. . 7 



Ralstonia eutropha 

R- eutropha was the production organism of choice for ICI in 
the development of commercial production facilities for 
P(3HB-3HV) (20). This microorganism grows well in minimal 
medium at 30°C on a multitude of carbon sources but not on 
glucose. A glucose-utilizing mutant was therefore selected and 
used to produce P(3HB-3HV) at a scale of 300 tons per year 
(21). Chemie Lira GmbH, Linz, Austria, produced P(3HB) 
from sucrose at up to 1,000 kg per week by using Alcalieen es 
latus. A. lams is substantially different from R eutropha and 
produces P(3HB) during exponential growth, whereas R eu- 
(?9% d0eS Start formation untiI stati °nary phase 
The literature on PHA production by R. eutropha is some- 
what confusing due to the different strains that have been used 
The three strains that have been studied most extensively are 
the original P(3HB) producer H16 (ATCC 17699) and its R ! u - 
cose-utilizing mutant known as 11599 in the NCIMB collec- 
tion. Other well-studied strains are ATCC 17697 T , R. eutropha 
SH-69, and a natural isolate, Alcaligenes sp. strain AK201 R 
eutropha has been studied intensively for potential copolymer 
formation to expand the properties range of ssc-PHAs Two 
cultivation techniques have generally been used. In batch ex- 
periments, both cell growth and PHA formation are examined 
m the same medium. In nitrogen-free experiments, cells are 
pregrown in rich medium and then resuspended in a medium 
lacking a nitrogen source but with the carbon source of choice 
Feeding strategies for PHA copolymer production. The first 
comonomer that was incorporated into P(3HB) in a defined 
growth medium was 3HV (92). 3HV can be formed by con- 
densation of propionyl-CoA with acetyl-CoA by P-kctoacvl- 
CoA thiolase, followed by reduction to 3HV-CoA. By varvino 
the ratio of acetate and propionate in the substrate R ei'aro- 
pha H16 accumulates P(3HB-3HV) up to 50% of the cell dry 
weight, with 3HV levels varying between 0 and 45% (46). Bv 
using 13 C-Iabeled carbon sources, it was established that the 
P(3HB-3HV) biosynthctic pathway is through 3-kctoacyl-CoA 
thiolase, acetoacelyi-CoA reductase, and P(3HB) polymerase 
When valerate was supplied as the carbon source to R eutro- 
pha NCIMB 11599, the HV fraction in the polymer was 85% 
When mixtures of 5-chiorovalerate and valerate were used 
tcrpolyesters were formed containing 3HB, 3HV, and 5HV 
monomers up to 46% of the cell dry weight and with 52% 5H V 
monomer (47). R. eutropha HI 6 and*"/?, eutropha NCIMB 
11599 were directly compared in experiments where butyrate 
and valerate were used as the carbon source. NCIMB 11599 
was able to direct more 3HV monomer to P(3HB-3H V) (90% 
3HV) than was H16 (75%). Also, the molecular wciaht of the 
polymer produced by NCIMB 11599 was consistently higher. 
By using 13 C-labeled carbon sources, it was established°that 
these fatty acids were converted to P(3HB-3HV) without un- 
dergoing complete degradation to acetvl-CoA and propionyl- 
CoA. This means that cither the (5)-*3-hydroxyacyl-CoA or 
3-ketoacyI-CoA is directly converted into monomer. Interest- 
ingly, this pathway operates in the presence of a nitrogen 
source, in contrast to the pathway from fructose (43). it is 
possible that inhibition of thiolase during active metabolism of 
carbohydrates prevents P(3HB) formation during arowih 
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S Zl P v hW3y ^ inVolves 0n, y reductase a " d Polymer- 
ase is insensitive to this inhibition. 

droLh,'^ 0 ^ 1 ^ C ? lmu,ates polyesters of 3HB and 4-hy- 
dro^ybutyrate (4HB) from mixtures of butyrate and 4HB (132) 

actone (131). With such mixtures of carbon sources PHA 

7%r a c L 4 ? ?f h the cen diy wei « ht withes u P ^ 

rate of PHA H dec ^ e « e d ciystallinity (132), and an enhanced 
raie of PHA degradat.on are obtained (131). Mixtures of bu- 

SSaS^ 4HB ^ 10 the a -«-«'ation o^a P(3HB. 
(lS S2„ W ymer WUh UP t0 45% 4HB and 23% 3HV 
mi* . r » Igher lncor P° ra t«on levels were achieved with 
mutants of ft e«/ rop / ia H16 that cannot use valerate or 4HB as 
the carbon source. When such mutants are tested for copoly 

3HVW? e "^ Sp - Stra i" AK201 has been stu *ed for P(3HB- 

^ SSSTKfi; 10 ^ ? ,ty acids - P < 3HB > was 

P(3HB 3HV?^? Z WC t l ° n C — fat, y acids - whereas 
3HV rn i ) ^formed on substrates. As expected the 

ri* On U„? ? P H ymer W3S h 'S her on shorter fatty 

IrotdSotlht^ an ' mal L fa ', S ' P(3HB) ,evels were •«» 
we^Z of rh^S! r ' ^ we, S ht - Interestingly, the molecular 
wa m J™? fn £ form ? d wa * «rbon source dependent and 

acid ih, 3 ^ ( A PP arent, y. Palm oil and the free fattv 

Copolymer production from central metabolites Ar h,„h 

ducino ihv ™ R-Mropha. Alternative means of inlro- 
nvl CoaIs a^ Tnr erS , haVe theref ° re been ex P ,ored - *opio- 
«h eonl valme IT ?* " 1 ,he de S rada "on pathway of 

J^^£s^$g*s^ r a,ions in 

X ?i 3HVT"? H / 6 and , aCCUmula,CS P (3HB-3HV) S 
?i2e To « t ? S °* § ,uconate - succinate, acetate and 

T 3 LS« lS P o n ve a,e ^ 3 thre ° nine deh > d ratase muta , on , 
x. tuimpha R3 overproduces acetolactate synthase and «• 
retes vahne and some leucine and isoleucineSer ni'rooen" 

Addition to threonine, isoleurine, and valine to cultures n f 

5%7£v SH '* 9 reS r' ted thC '^Toration ^ 53 4, nd 
3% 3HV respectively. Whereas threonine is toxic at h£h 
Dnccntrations and consequently reduces biomass and PHA 
reduction, isoleucine and valine are no, toxic uTtS co^n 
«.ons of 50 mM. When the concentration of'anC c d 
■pplements exceeds 10 mM. the fraction of 3HV i„ ne p0 K 
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mer is directly related to the concentration of the amino acid 

W*£££* Vhe h NCIMB 115 " d0CS not in ™ora e 
3HV from threonine and incorporates only up to 2% from 

m I 3 ''" 6 i 3 ° 2) - Whcn * e «"0P>« H16 ^walres^ 
pended in Na + - or 0 2 -limiting medium with threonine as the 
sojecarbon source, 6% PHA with 5% 3HV was accumuLed . 

r:JJ CSe L Q,peS ° f ex P eriments Prove that alternative cell-de- 
rived substrates can be used for P(3HB-3HV) synthesis and 
that supplementation of carbon sources for aheSve PH^ 
monomers can be circumvented. Metabo.ic engineSg of nlw 
PHA monomer b.osynthetic pathways such as from the threcT 
nine pathway can thus lead to new P(3HB-3HW nrL. • 
strains. The pathways invo.ved in the &^SSS 
.solcucne, and valine are well characterized in E. coli and 
other amino acid producers, and engineered £. coli strand that 
produce 79 g of threonine per liter are commercially SpTo ted 
no nr COmbmat,on of developments in metabolic enEer 

benefit for the successful generation of economic PGHB- 
3HV) producers. It ,s therefore to be expected that o"her 

„,f ed " b u tCh !" d contin, l<» us culture. The precedinc oara 
bv m^, Sh r f ,h3t th i com P° siti on of ssc-PH/fs is determined 
by mulnple factors. The substrate for growth and PHA forma- 
non ,s a„ obvious parameter. More important is that ceS 
.me abohsm, especially amino acid metabolism, plavs an K 
tan, : r0 | e . Recognition of such phenomena allows^ the Sic 
engineer to design PHA-producing strains able to ac^mulaJe 
materials with a number of different compositions The new 
paragraphs describe in more detail how R. LroohX »mwn fn 
obtain PHAs in large quantities from different cZL^™™ 

hi<^ c"\\°a ■ ^ "599 has been studied intensely 7n 
high-cell-density fermentation studies. To reach cell dlns^c 
of 100 goiter, a fed-batch mode is the preferred Sv of on- 
anon. In fed-batch fermentations, the addition of nu«?ims J 
triggered by specfic changes in the growth medium as a «?uh 
of depletion of one of the required medium components Bv 
using a pH-regulated system for glucose sunX^ ■ * 
P(3HB) was produced ^lO^r^tJ^^S^ 
product.virvof0.25 g^iter^ Because the P H increaTe'n e 
sponse to carbon limitation is slow for this strain, improve- 
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ments were sought by using the dissolved-oxygen value as the 
trigger for further glucose addition (DO-stat). When nitrogen 
was made limiting at a biomass of 70 g/liter and using a DO- 
stat, P(3HB) was produced to 121 g/liter, corresponding to 
75% of the biomass, with a productivity of 2.42 g/liter/h. The 
yield of P(3HB) was 0.3 g/g of glucose (121). Since pH control 
under nitrogen-limiting conditions is achieved by the addition 
of NaOH, problems occur at high densities in large volumes 
because of the toxicity of highly concentrated hydroxide (230). 
In addition, it is very important to maintain phosphate and 
magnesium ion levels above 0.35 g/Iiter and 10 rag/liter, re- 
spectively (8). Ryu et al. therefore studied P(3HB) formation 
under phosphate-limiting conditions where the pH is con- 
trolled by ammonium hydroxide. Under these conditions, 
P(3HB) levels of 232 g/liter (80% of the cell dry weight) were 
obtained with a productivity of 3.14 g/liter/h (230). R eutropha 
NCIMB 11599 was subsequently grown on tapioca hydrolysate 
(90% glucose) as a potential cheap carbon source, but unfor- 
tunately the presence of toxic compounds, possibly cyanate, in 
the substrate limited productivity to 1 g/liter/h for a 60-h fer- 
mentation (120). 

Continuous-culture studies have shown that the theoretical 
maximal yield of P(3HB) on glucose (0.48 g/g) can be ap- 
proached to within 5% at a growth rate of 0.05 h" 1 (88). Such 
studies also indicated the importance of the growth rate on 
3HV incorporation when a fructose-valerate mixture was used 
as the substrate (128). At dilution rates varying from 0.06 to 
0.32, the 3HV content increased from 11 to 79%. Because the 
toxicity of propionate is pH dependent, P(3HB-3HV) copoly- 
mers with different 3HV contents can be produced by varying 
the pH of the culture as well (27). As described above, R. 
eutropha SH-69 accumulates P(3HB-3HV) from glucose as the 
only carbon source. For this strain, the 3HV fraction in the 
copolymer is strongly dependent on the glucose concentration 
in the medium. Maximal accumulation of P(3HB-3HV) occurs 
with 2 to 3% glucose and a dissolved oxygen concentration of 
at least 20%. Unfortunately, a 20% 3HV content is not ob- 
tained untiI6% glucose is supplied (226). R eutropha DSM 545 
produces P(3HB-3HV) from glucose and propionate in fed- 
batch fermentations under conditions of nitrogen limitation 
and low dissolved oxygen concentrations. The yield of 3HB on 
glucose is independent of the dissolved-oxygen concentration, 
but the HV content is lower at high than" at low dissolved- 
oxygen concentrations (21 and 29%, respectively) (151). The 
optimal conditions for 3HV incorporation appear to be deter- 
mined by multiple parameters. As a consequence, the P(3HB- 
3HV) composition will be influenced to a large extent by the 
design and setup of the complete process. 

Methylohacterium 

Methanol is a relatively cheap carbon source and therefore 
is potentially useful as a substrate for PHA formation (204). 
Suzuki et al. demonstrated the feasibility of this concept in a 
series of experiments on P(3HB) formation by Protomonas 
extorquens sp. strain K (259-262). In a fully automated fed- 
batch culture, 136 g of P(3HB) per liter was formed in 175 h 
with a yield of 0.18 g of PHB per g of substrate. This polymer 
had a molecular mass of 300,000 Da. Improvement of the 
medium composition increased producing to 149 g/Iitcr in 
170 h (260, 261 ). The effect of physiological parameters such as 
temperature, pH, and methanol concentration were subse- 
quently studied under the optimized conditions (259). When 
the growth temperature and pH were drastically different from 
the optimal conditions (30°C at pH 7.0). the molecular weight 
of the produced P(3HB) was significantly higher. However. 



such conditions also resulted in a dramatically reduced yield of 
P(3HB). The methanol concentration, on the other hand, 
proved to be a useful parameter for molecular weight control 
At methanol concentrations of 0.05 to 2 g/liter, P(3HB) was 
deposited to 50 and 60% of the cell dry weight with molecular 
masses ranging from 70,000 to 600,000 Da. At higher methanol 
concentrations, the yield dropped to 30% and the molecular 
mass dropped to 30,000 Da (259). By using a slow methanol 
feed to prevent oxygen limitation in a fed-batch fermentation, 
P(3HB) was accumulated to 45% of the cell dry weight corre- 
sponding to 056 g/liter/h with a yield on methanol of 0.20 (14). 
As a result of the slow feed, a molecular mass of over 1,000,000 
Da could be obtained. 

By using a natural isolate of Methylobacterium extorquens, 
P(3HB-3HV) copolymers were produced from methanol-val- 
erate mixtures. Hie optimal fermentation conditions consisted 
of a methanol concentration of 1.7 g/liter, and the addition of 
a complex nitrogen source. Under these conditions, P(3HB) 
was accumulated to 30% of the cell dry weight with a molec- 
ular mass of 250,000 Da (13). StUI other isolates such as Methyl- 
obacterium sp. strain KCTC0048 have been studied for copol- 
ymer synthesis. This organism accumulates P(3HB-3HV), 
P(3HB-4HB), t and poIy(3-hydroxybutyrate-ca-3-hydroxypropi- 
onate) (P[3HB-3HPJ) to 30% of the cell dry weight with frac- 
tions of 3HV up to 0.7, 4HB up to 0.13, and 3HP up to 0 11 
(115). 

Whereas M. extorquens incorporates the methanol-derived 
formic acid into the serine pathway, another PHA producer, P. 
denitrificans, reduces formation to C0 2 , which is subsequently 
fixed by the ribulose bisphosphate pathway. Interestingly, these 
different pathways have clear effects on P(3HB-3HV) forma- 
tion by these organisms (272). M. extorquens synthesizes 50% 
more PHA than P. denitrificans 9 while the latter incorporates 
twice as much 3HV on methanol-pentanol mixtures. The 3H V 
fraction in the PHA produced by P. denitrificans reaches 0.84 
and is based on a relatively small amount of 3HB precursor. 
Under controlled growth conditions with pentanol as the only 
growth substrate, P. denitrificans accumulates PH V as a ho- 
mopolymer up to 55% of its cell dry weight (300). 

Pseudomonas 

The PHA biosynthetic machinery of P. putida is most active 
toward monomers in the C R to C l0 range. Because long-sidc- 
chain fatty acids such as oleate (C, S:1 ) need to be converted in 
multiple rounds of the p-oxidation pathway before the result- 
ing Cr and C l0 monomers can be incorporated, these sub- 
strates are less efficiently converted to PHA than is octanoatc. 
Oleic acid, for instance, has to yield 4 acetyl-CoA molecules 
before a C, 0 monomer can be incorporated. This conversion 
yields 20 ATP equivalents in the reduction steps, which is 
unlikely to occur at a time when excess energy cannot be 
dissipated. In contrast, decanoic acid and octanoic acid yield 2 
ATP equivalents before being incorporated into msc-PHA. As 
a consequence, the polymer yields per cell arc often higher 
when medium-chain fatty acids are used. Unfortunately. "me- 
dium-chain fatty acids are generally more expensive, and there- 
fore a compromise between substrate price and conversion 
yield is being sought. 

msc-PHA formation by Pseudomonas from fatty acids. Inex- 
pensive substrates have been tested for PHA production by 
Pseudomonas species. Tallow is an inexpensive fat that suffers 
a production overcapacity. Since it is a mixture of triglycerides 
with oleic, stearic, and palmitic acids as major fatty acid com- 
ponents, tallow represents an interesting substrate for PHA 
production. Although some of the better characterized Pseudo : 
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strates for product formation provide a valuable means of 
JET? Pr ° d " Cti0n costs Because oleate is a cheaper 
substrate than octanoate, its use in a fed-batch production 
process was studied. Oleate supply was regulated bya Do2°t 
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condnons on PHA formation. Besides these fed-batch sfudies 
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PHA Production by Other Microorganisms 



PHA producers have, been isolated from several waste 
stream treatment sites, since these facilities often provS a 
mixture of substrates that select for a variety of organisms In 
addmon, waste streams often contain high concentraS of 
organic molecules such as fatty adds, which are inexnen ive 
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the culture facilitates the fermentation process. Hie 3HV con- 
tent and the final amount of PHA accumulated are pH depen- 
dent in this bacterium. The 3HV fraction varies from 15 to 
43% between pH values of 7.3 and 5.9, establishing an addi- 
tional means of controlling PHA composition besides substrate 
concentration. Under optimal conditions, PHA was accumu- 
lated to 67% of the cell dry weight (264). 

Agrobacterium sp. strains SH-1 and GW-014 were isolated 
from activated sludge as organisms that accumulate P{3HB- 
3HV) from glucose. Depending on the carbon source, accu- 
mulation levels of 30 to 80% PHA with 3 to 11% 3HV were 
obtained. PHA yields of over 65% with 2 to 6% 3HV were 
obtained with hexoses such as glucose, fructose, mannitol, and 
sucrose. On the other hand, PHAs with 8 to 11% 3HV were 
accumulated when the pentose sugars arabinose and xylose 
were carbon sources, but only to 35% of the cell dry weight. 
The propionyl-CoA for 3HV formation is derived from succi- 
nate through the methylmalonyl-CoA ^pathway. It was shown 
that the specific production rate of the 3HV monomer was 
dependent on the concentration of Co 2+ ions, which form part 
of the vitamin B, 2 -dependent methylmalonyl-CoA mutase. 
Fed-batch cultivation on glucose-propionate resulted in PHA 
formation up to 75% of the dry cell weight with 50% 3HV 
monomer (140). 

RJwdobacier sphaeroides has been studied for the formation 
of PHA from anaerobically treated palm oil mill effluent 
(POME). In Malaysia, POME is treated primarily such that 
the organic acids are converted into methane, which is released 
into the atmosphere. By combining processes in which POME 
is converted anaerobically to organic acids, followed by PHA 
production from these acids by a photosynthetic bacterium, 
carbon sources in the effluent can be converted to PHA (SO)! 

Aainobacilhts sp. strain EL-9 has been isolated from soil and 
accumulates PHA during the logarithmic growth phase. This 
strain was studied for the conversion of the reduced sugar 
components in alcoholic distillery wastewater to PHA. This 
waste -stream is rich in sugar and nitrogcneous compounds, 
which have a high biological oxygen demand (BOD). Lowering 
of the BOD of this effluent by using it for PHA formation 
seems an. environmentally sound solution for the treatment of 
this waste stream while simultaneously producing a useful ma- 
terial. Because AainobaciUus does not require nutrient-limit- 
ing conditions, P(3HB) can be formed continuously on the 
wastewater stream. Comparative studies of different carbon 
sources showed that enzyme- hydrolyzed alcoholic distiller)' 
wastewater gave the highest conversion of its components to 
biomass (4.8 g/Iiter), 47% of which is P(3HB) (246). 

Azotobaaer vinelandii was recognized early on for its ability 
to produce P(3HB) (20). A. vinelandii UVVD was described as 
a strain that produces P(3HB) during growth, possibly as a 
result of a defective respiratory NADH oxidase (184). This 
strain was studied for P(3HB) formation on complex carbon 
sources such as corn syrup, cane molasses, beet molasses or 
malt extract (IS3), fatty acids (185) or swine waste liquor (24). 
With these different carbohydrates as growth substrates, simi- 
lar levels and yields of P(3HB) were obtained. Perhaps the 
unrefined substrates have additional beneficial effects on the 
fermentation process, since they could promote growth (183). 
Swine waste liquor consists primarily of acetate, propionate, 
and bulyrate and requires a high BOD. A. vinelandii UWD 
produces P(3HB-3HV) from twofold-diluted swine waste li- 
quor, but the productivity can be remarkably increased by 
supplementation of additional carbohydrate sources (24). 

Initially, the formation of polysaccharides by A. vinelandii 
was considered such a disadvantage that continuing explora- 
tion of this organism for commercial P(3HB) production was 



halted (20). In fact, it has been shown that the synthesis of 
alginate and P(3HB) are interrelated since they play a role in 
the response of the cell to growth conditions (19). The 
amounts of alginate and P(3HB) formed by A vinelandii are 
dependent on the oxygenation, since a small amount of aera- 
tion promotes P(3HB) synthesis over alginate synthesis. The 
advent of genetic engineering since the initial efforts by ICI has 
provided mutants of A. vinelandii with diminished alginate 
formation. P(3HB) accumulation levels in these strains were 
increased from 46 to 75% of the cell dry weight, with a three- 
fold higher yield on sucrose (162). This finding illustrates how 
modern molecular biological techniques can potentially have a 
direct impact on industrial P(3HB) production, as is discussed 
further in subsequent sections. 



Conclusions 

To discuss in great detail the vast number of organisms 
capable of producing PHAs would be beyond the scope of this 
review. The many PHA producers and the structures of the 
approximately 100 different monomers have been summarized 
previously (142, 254). It should be clear, however, that the 
study of the biosynthetic pathways of these diverse organisms 
provides insight into the processes necessary to engineer accu- 
mulation of a variety of PHA polymers in transgenic organ- 
isms. In addition, the study of mutants defective in PHA pro- 
duction will aid in identifying the genes required to efficiently 
express pha genes in heterologous organisms, such as £ coli 
and plants. Currently, molecular data on the PHA biosynthetic 
pathways from over 25 different bacterial species is available. 
These microorganisms, with their own unique metabolic ver- 
satility, provide the foundation from which engineered strains 
for the production of PHAs can be designed. Not only is this 
approach useful for recombinant bacterial strains, but also it 
will be indispensable for further development of a plant crop- 
based PHA production system. 



PHA PRODUCTION BY RECOMBINANT BACTERIA 

For the successful implementation of commercial PHA pro- 
duction systems, it is a prerequisite to optimize all facets of the 
fermentation conditions. The price of the PHA product will 
ultimately depend on parameters such as substrate cost, PI IA 
yield on. the substrate, and the efficiency of product formula- 
tion in the downstream processing. This moans thai high PHA 
levels as a percentage of the cell dry weight are desirable, as 
well as a high productivity in terms of gram of product per unit 
volume and time (3S. 40). 

Whereas natural PHA producers have become accustomed 
to accumulating PHA during evolution, they often have a long 
generation time and relatively low optimal growth tempera- 
ture, are often hard to lyse, and contain pathways for PHA 
degradation. Bacteria such as £. coli do not have the capacity 
to synthesize or degrade PHAs; however, £. coli grows fast and 
at a higher temperature and is easy to lyse. The faster growth 
enables a shorter cycle time for the production process, while 
the higher growth temperature provides a cost saving associ- 
ated with cooling of the fermentation vessel. The easier lysis of 
the cells provides cost savings during the purification of the 
PHA granules. This section gives an overview of the efforts to 
construct better PHA producers by applying the insights of 
genetic and metabolic engineering. The effects of altered ex- 
pression levels of pha genes on PHA formation have been 
studied in natural PHA producers and are described first. - 
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Recombinant Natural PHA Producers 

J2 StUdiCS rCp P rt on the cffects of additional copies of 
phb oxpha genes on the formation of polymer by the wild rl^ 
organism. Although elevated levels of PrS were 0 ccasS'nS 

^SST* CffeCt t° f hi S h -Py--nbe" rge S °e t 

rtlA metabolism were observed. Such results ar* rnnc;,* ♦ 
with the multilayered regulation of m/^^S^ 

itseTf or K fr ° m / > - ofeo ~ w ^e introduced into 
?2L -A i ^ no "teased PHA synthesis was ob- 
served. The on y effect of additional copies of the PhI doIv- 

tTon o e f"S re ^! ng gen « T S 3 s,1 'S ht cb W ^ the£n\£ol 

Sm ( S„r^ . ^ P roduct,on in a •/»E»M, m meMoti 
«i« -J muta J nt ' s also restor ed to only wild-type levels bv a 

SLlv^T S P mC 8Cne ° n 3 P ,asmid doub,e s 
wild type PHV levels in a pentanol-grown parent strain (273) 

phbcZT^JT 1 * T m ?' m StrainS ,hat overex pre i «he 
p/(&<^agenes from a plasmid, the P(3HB) levels are increased 

P^S ow i?c° 0 f - Cl1 ^ This snlaE S 
iSZZ .«njP"r«oo to the 1.5- to 3-fold increase in the 
o?The centra 1^ e ™*™« a "d suggests a major influence 
sequent s t IT ,k° k PathWayS ° n P < 3HB ) Nation. Sub- 
ca?ed rL th W,th / hese «" fed-batch cultures indi- 

Z - reCOmbi " am * S,rai "S ^uld 

reduce the fermentation time by 20% while maintaining the 

ame productivity (187). This reduction in fermentation Time is 
>.gn.fican for commercial production/since the overa ™ 
^/ (3HB) P' ant would be 2 0% higher P °" 
evenl^two ° Per ° n ^ R """V 1 ? was also cx P^sed in 
f3Hm ^ 7°^ StramS tha ' n0rn,a "y d0 not accumulate 
(3HB) The plasm.d used in these studies expressed the genes 
•uccessfully, since P(3HB) was deposited by P. aeruZosa P 

'PHm"S ,h P /° W P ; S ' U,Zeri W3S Unable to ^"'hesizc 
IJMUj with the R. eutropha genes (253) Recenrlv pur ,„ 

£nXn?„B * ?» ° f ?he " 4n^^~ 

• Si Vhb ^ C ° ntaininS ' he P hb S e "« from 

itSSTm!,- pr0d , UCt,on was significantly enhanced under 
. rogen-l.m ting cond.tions and with acetate as the carbon 
urce. yddrng a polymer with a molecular mass of 465.0M Da 



Recombinant E. coli as PHA Producer 

•STfSSSS ° f 2 larSC " Umber ° f PHA bathetic 
nes facil tates the construction of recombinant onanisms for 

event i.fr.K^ ,S bac,er,um ha * certain limitations that 
3HB Fo^r be, " S USCM f ° r ,he commercial production o 
jv " Ce - " « r0NVS slow 'y and * difficult to lyse In 

d. ,on „ 1S not well characterized genetically, whichlnipcdcs 

3hSw? T lat[ °V 0t imprOVed 1 Performance 

eSieTh. °k w,,h . recor n b '"ant systems may be able* 
ercome these obstructions. Recombinant £ coli could do 
".ally be used to address these problems, since i, i? »enS 
S Ih r CteriZed - P(3HB > Potion in E. c"/ nfuTbe 
' pTmm o eCa T ° rgan, ' Sm does not naturally^ 

rHB-3HV) mul^y^ « 
" B Jt ? V) .' p ( 3H ?-4HB), P4HB. and P(3HO-3HH) have 
:n symhcs.zed by £. coli following §enc \ ic and H m H e {' a ^ e 

yi I n I h ) e,Irl fi „o , in *. diCati ° n ,ha ' P(3HB > could ^ svnthc- 
d in heterologous hosts was obtained when the phb o en ts 
ti R. emropha were cloned in E. coli and directed thl for- 
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mation of P(3HB) granules (192, 236, 245). Subsequent reports 
on cloning olphb genes from other prokaryotes often included 
similar heterologous expression studies. Even though recom- 
binant £ coli is able to synthesize P(3HB) granules these 
strains lack the ability to accumulate levels equivalent' tj 7h e 
natural producers in denned media. The first P(3HB) produc- 
tion experiments in fed-batch cultures therefore were in Luria- 
Bertan, (LB) broth, and P(3HB) levels of 90 g/Hter were ob- 
tained in 42 h wuh a pH-stat controlled system (122) 

pr« n \ ro T hensive . COmparison of recombinant' £. coli 
P(jHB)-producing strains, Lee et al. studied 10 different 
strains equipped with apflr5-stabili 2 ed / ,/ I Z>C4fl plasmid (147) 
Among w,ld-type strains, E. coli B accumulated P(3HB) to 
? dfy Weight 0n 2% g'»«>se-LB medium, while 

S t ^ f U ' a " d EC3132 formed P ( 3HB ) to only 15 to 33% 

JM109 and HB101, on the other hand, accumulated P(3HB 
to levels varying from 75 to 85% of the cell dry weight. By using 
stabihzed plasmids derived from either medium- o°r high-clpy? 
number plasmids, it was shown that only high-copy-number . 
vectors support substantial P(3HB) accumulttionTnTS 
XLl-BIuc (146). In a fed-batch fermentation on 2% .ff 
cose-LB medium, this strain produced 81% P(3HB) at a oro 
duct.v,ry of 2.1 g^iter/h (149). The P(3HB) productivity was 
reduced to 0.46 g/litcr/h in minimal medium but coufd be 
recovered by the addition of complex nitrogen sources such as 
yeast extract, tryptone. Casamino Acids, and collagen hydro! 
lysate (144). By supplementing different amino adSs sepa- 
rately „ was apparent that P(3HB) formation in recombinant 
XLl-Blue is limited by available NADPH. Addition of either 
amino acids or oleate, both of which require substantial reduc- 

?<3HB) l^ ( !48j heir SynlheS, ' S - genera " y ' nCrCaScd CeMu,ar 
Although recombinant E. coli XLl-Blue is able to synthesize 
substanna leve s of P(3HB), growth \s impaired by ^ramadc 
fomentation of the cells, especially in denned medium 043 
147 283). By overexpression of FtsZ in this strain, biomass 

do?,S C H°^o aS r prOVCd by 20% and P ( 3HB ) leve 's were 
(15 ?)" 71,15 recombinant strain produced 104 o 0 f 

,u .IF* ' defined rnedium . corresponding to 70% of 
the cell dry weight. The volumetric productivity of 2 e/liter/h 
however, is lower than achievable with R. eutropha (284) ' 
One of the challenges of producing P(3HB) in recombinant 
organisms is the stable and constant expression of the phb 
genes during fermentation. P(3HB) production by recombi- 
nant organisms is often hampered by the loss of plasmid from 
he majority of the bacterial population. Such siabilitv prob- 
lems may be attributed to the metabolic load exerted' by the 
need to replicate the plasmid and synthesize P(3HB) which 
diverts acetyl-CoA to P(3HB) rather than to biomass In ad 
d.t.on, plasmid copy numbers often decrease upon continued 
fermentation because only a few copies provide the required 
-"">biotic resistance or prevent cell death by maintaining*,* 
For these reasons, Kidwell et al. designed a runaway plasmid to 
suppress the copy number of the plasmid at 30°C and induce 
plasmid replication by shifting the temperature to 38°C (119) 
By using this system, P(3HB) was produced to about 43% of 
the cell dry weight within 15 h after induction with a volumetric 
production of 1 g of P(3HB)/liter/h. Although this productivity 
is of the same order of magnitude as that of natural P(3HB) 
producers, strains harboring these /^-stabilized runaway 
rep icons still lost the capacity to accumulate P(3HB) durini 
prolonged fermentations. ° 
Whereas the instability of the phb genes in high-cell-densitv 

P™ ,a v!>Mc affeC, V he PHA C ° St b " V basing .lie cellular 
P(3HB) yields, another contnbuting factor to the compara- 
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tively high price of PHAs is the cost of the feedstock. The most 
common substrate used for P(3HB) production is glucose. 
Zhang et al. (303) examined £. coli and Klebsiella aerogenes 
strains for P(3HB) formation on molasses, which cost 33 to 
50% less than glucose. The main carbon source in molasses is 
sucrose. Recombinant £1 coli and K aerogenes strains, carrying 
the phb locus on a plasmid, grown in minimal medium with 6% 
sugarcane molasses accumulated P(3HB) to approximately 3 
g/liter, corresponding to 45% of the cell dry weight When the 
K aerogenes was grown in a fed-batch system in a 10-liter 
fermentor on molasses as the sole carbon source, P(3HB) was 
accumulated to 70% its cell dry weight, which corresponded to 
24 g/liter. Although the phb plasmid in K aerogenes was un- 
stable, this strain shows promise as a P(3HB) producer on 
molasses, especially since fadR mutants incorporate 3HV up to 
55% in the presence of propionate (303). 

Morphologically, the number of granules in E. coli and R 
eutropha and their size are not the same, even though they 
were synthesized by the same enzymes (170). By using differ- 
ential scanning calorimetry, thermogravimetric analysis, and 
nuclear magnetic resonance, it was shown that the granules in 
E. coli are in a more crystalline form than the granules in R 
eutropha (77). This may be because recombinant E. coli pro- 
duces P(3HB) of higher molecular weight (133) or because of 
the absence of specific P(3HB)-binding proteins such as PhaP. 
The difference in crystalh'nity was thought to contribute to the 
differences in degradation of the polymer during purification 
(77). It was suggested that the increased crystallinity of this 
high-molecular-weight P(3HB) prevented the embrittlement 
seen for P(3HB) from natural sources such as R. eutropha 
(134), and recombinant P(3HB) may therefore have applica- 
tions for which natural P(3HB) does not qualify. 

As described above, the incorporation of other monomers in 
the growing P(3HB) chain results in polymers with drastically 
altered and improved mechanical properties. Therefore, re- 
combinant production systems will have to be able to facilitate 
the production of a variety of copolymers. 

P(3HB-3HV). Engineering E. coli to produce P(3HB-3HV) 
involved altering the endogenous metabolism of E. coli rather 
than introducing a specialized set of genes. Supplementation 
with propionate had generally been used for P(3HB-3HV) 
formation in R. eutropha , and the initial strategy for recombi- 
nant P(3HB-3HV) was therefore similar. 'Because E. coli does 
not readily import propionic acid, cultures were adapted on 
acetate and then a glucosc-propionatc mixture was added 
(243). This system was improved by using E. coli strains that 
have constitutive expression of the a to operon and fad rcgulon 
to fully express fatty acid utilization enzymes (54, 243); The ato 
system transports acetoacelatc into the cell, and this is initially 
activated to aceloacetyl-CoA by AloAD. AtoAD is also able to 
transport propionate into the cell (2S) (Fig. 14). The fad rcgu- 
lon encodes enzymes for complete degradation of fatty acids, 
including a broad-specificity thiolasc (2S). It was expected that 
the FadA thiolasc was beneficial in the pathway for 3HV for- 
mation compared to PhbA. The 3H V fraction in the copolymer 
was dependent on the percentage of propionate used during 
the fermentation, but it never exceeded 40%. Because £. coli is 
resistant to 100 mM propionate (243) whereas 30 mM is al- 
ready toxic for R. eutropha (212), it was suggested that P(3HB- 
3HV) fermentations may be more efficient with EL coli strains 
(243).. 

In subsequent studies, propionvl-CoA formation was studied 
in strains with mutations in ackA and pta or in strains that 
overexprcss Ack. For efficient incorporation of 3HV into 
P(3HB-3HV), E. coli requires the Pta and Ack activities (Fig. 
14), although the acctatc-inducible acctyl-CoA synthase may 




I 

3-ketovaIeryl-CoA -o- 3HV -o- PHA 

FIG. 14. Propionate is an additional carbon source which is supplied as a 
cosubstrate for the synthesis of P(3HB-3HV) in recombinant E coli. Several 
pathways have been shown to be involved in the uptake of propionate and are 
important in defining the optimal genotype for P(3HB-3HV) production strains. 
Both the acetoacetate degradation pathway (the Ato system) and the acetate 
secretion pathway (Ack/Pta) have been identified as contributing to propionate 
transport. 



also be involved (227). The prpE product is a recently discov- 
ered acetyl-CoA synthase homolog which actually may be even 
more specific to propionate (94). The recombinant production 
systems for P(3HB-3HV) exemplify the need to alter the me^ 
tabolism of E. coli as well as to adjust feeding strategies in 
order to produce the desired copolymers. As in E. coli, the 
fadR mutation also enables Klebsiella oxytoca to produce 
P(3HB-3HV) when grown on glucose and propionate (303). 

Yim et al. reported that these recombinant E. coli P(3HB- 
3HV) producers are unable to grow to a high density and 
therefore arc unsuited for commercial processes (301). In an 
attempt to improve P(3HB-3HV) production in a recombinant 
strain, four E. coli strains (XLl-Blue, JM109, HB101, and 
DH5a) were tested. All four recombinant E. coli strains syn- 
thesized P(3HB-3HV) when grown on glucose and propionate 
with HV fractions of 1% (301). Unlike the strains studied 
previously (243), recombinant XLl-Blue incorporated less 
than 10% HV when the propionic acid concentration was var- 
ied between 0 and SO mM. HV incorporation and PHA for- 
mation were increased by prcgrowing cells on acetate followed 
by glucosc-propionatc addition at a cell density of around 10 8 
cells per ml. Oleate supplementation also stimulated HV in- 
corporation. This recombinant XLl-Blue strain, when pre- 
grown on acetate and with oleate supplementation, reached a 
cell density of S g/Iitcr, 75% of which was P(3HB-3H V), with 
an HV fraction of 0.16 (301). 

P(3HIT-4HB) and P(4HB). P(4HB) is produced in £. coli by 
introducing genes from a mctabolically unrelated pathway into 
a P(3HB) producer. The hhcT gene from Clostridium kluywri 
encodes a 4-hydroxybutyric acid-CoA transferase (104). By 
engineering hbcT on the same plasmids as phbC from R. eu- 
tropha , recombinant E coli produced 4HB-containing PHAs 
when grown in the presence of 4HB. Depending on the orien- 
tation of the phbC and hbcT genes in the vector and the growth 
conditions, up to 20% of the cell dry weight was made up of 
P(4HB) homopolymcr. Interestingly, P(4HB) homopolymer 
was synthesized in the presence of glucose. In the absence of 
glucose, a P(3HB-4HB) copolymer was accumulated with up to 
72% 3HB, even though phb A and phbB were absent. This 
suggests that E. coli contains an unknown pathway that allows 
the conversion of 4HB to 3HB (86). 

Valentin and Dennis were able to produce P(3HB-4HB) 
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directly from glucose (276). This was accomplished by intro- 
ducing the succinate degradation pathway from C. kluweri on 
a separate plasmid into an £ coli strain harboring a plasmid 
with the phb biosynthetic genes from R. eutropha. This copol- 
ymer is synthesized by redirecting succinyl-CoA from the TCA 
7uu '°. 4 - h ydroxybutyryl-CoA via succinic sen.ialdehyde and 
4HB (Fig. 15). P(3HB-4HB) was accumulated to 46% of the 
=ell dry weight with a 15% 4HB (276). 

P( iS?" 3 ^ H) " K coli has also been engineered to produce 
msc-PHAs by introducing the phaCl and phaC2 gene from P. 
lemgmosa m a fadB ::Kan mutant (136. 211). It was presumed 
hat this mutant accumulated intermediates of the 0-oxidation 
oatnway that could be incorporated into PHA by the poJy- 
nCr ^' IT recomb ''nant £ coli strain accumulated PHA up 
o 21% of the cell dry weight when grown in LB broth con- 
aming decanoate. The polymer contained primarily 3-hy- 
Iroxydecanoate (73%) and 3-hydroxyoctanoate (190%) (136) 
nteresfngly the fadB mutation in this strain is an insertion 
nutation and not a point mutation and is noted to have un- 

\l r A r aCtivi,y " If FadAB " ,he on| y P-o^'dation 
omplex in E coli, one would expect that this strain would not 
e capable of degrading fatty acids to PHA monomer. 
1 tic phaCl gene from P. okovorans also directs PHA for- 

?, SpJa St ^± S With * fadA OT f adB mutati °n ^cu- 
mulated PHA up to 12% of the cell dry weight when grown on 

Lrt\l ? t u\ aCld t By re P lacin S wild-type promoter of 
haCl with e.thcr the alk or lac promoter, polymerase levels 
ere inducible, leading to 20 to 30% PHA formation with 
HA polymerase 1 or 2. These experiments show that PHA 
Dlymerase .s the only dedicated enzyme for PHA biosynthesis 
Pseudomonas and that additional enzyme activities mav be 
ovided by a ncilla ry enzymes (217). 

Conclusions 

With the identification of pha genes from multiple organ- 
us, the possibilities of constructing recombinant PHA pro- 
bers have emerged. History has repeated itself in that P3HB 
is again the first biological polyester, but now from a recom- 
lant microorganism. The diversity of natural PHAs, how- 
V f Wa D[?f ,d , Iy conferred <° & coli, and several ssc-PHAs 
d msc-PHAs have been symhesized in recombinant bacteria 
>eit w,th various degrees of success. Significant progress 
ibt be made to produce a variety of PHAs in recombinant 
:teria by cofeeding strategies, let alone from single-carbon 
Jrces. The optimization of fermentation svsiems for these 
:ombinant organisms will also remain a challenge Since 



PHAs are not natural products of E coli, the responses by 
htgh-ceil-density cultures to nutrient limitations that trigger 
subsequent feeds are unpredictable. New fermentation feeding 
strategies will therefore have to be developed. 

METABOLIC ENGINEERING OF PHA BIOSYNTHETIC 

PATHWAYS IN HIGHER ORGANISMS 
In an effort to reduce the cost of P(3HB) production, indus- 
trial interest has initiated programs for P(3HB) production 
systems in plant crops. Commercial oil-producing crops, such 
as Brassica, sunflower, or corn, have been bred to accumulate 
these oils to high levels. If one were able to replace the oil by 
PHAs and have the polymer be accumulated to 30% of the 
seed, PHA production per acre could be around 350 lb Pro- 
duction of 1 billion lb of PHA would then require an area of 
2.5 million acres (8% of the state of Iowa). The potential of an 
agricultural PHA production system is thus enormous (293) 
The prospects of producing P(3HB) in plant crops is encour- 
aging now that several studies have reported the synthesis of 
PHAs in yeast, insect cells, and several plant species. 

Saccharomyces cerevisiae 
In contrast to E. coli, where the complete P(3HB) pathway 
had to be introduced for PHA formation to occur, P(3HB) was 
produced in yeast by expressing only part of the biosynthetic 
pathway. P(3HB) granules,couid be visualized in Sacciwromy- 
ces cerevisiae cells when just the P(3HB) polymerase gene from 
K eutropha was introduced into the cells. However P(3HB) 
was accumulated to only 0.5% of the cell dry weight/This low 
level of P(3HB) may result from insufficient activity of the 
endogenous 0-keioacy!-CoA thiolase and acetoaceryl-CoA re- 
ductase enzymes. P-Ketoacyl-CoA thiolase (10 to 20 nmol/min/ 
mg) and acetoacetyl-CoA reductase (150 to 200 nmol/min/mg) 
were detected and were thought to supply sufficient substrate 
for P(3HB) polymerase (138). Future improvements of this 
eukaryotic P(3HB) production system may require elevation of 
these activities. 

Insect Cells 

Expression of the R. eutropha phbC gene in insect cells was 
hrst achieved in Trichoplusia ni (cabba«e iooper) ceils by usin° 
a baculovirus system. Expression ofphbC was successful, since 
within 60 h after viral infection, 50% of the total protein was 
P(3HB) polymerase. In contrast to other recombinant systems 
expression of phbC in insect cells allowed rapid purification of 
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the soluble form of P(3HB) polymerase (291). This is surpris- 
ing, since overexpression of PhbC in recombinant E. coli usu- 
ally results in insoluble, inactive P(3HB) polymerase. 

An elegant study with insect cells attempted to create a 
diverse set of PHA monomers endogenously by transfecting a 
mutant form of the rat fatty acid synthase into Spodoptera 
frugiperda (fall armyworm) cells by using a baculovirus (292). 
This previously characterized fatty acid synthase mutant does 
not extend fatty acids beyond 3HB (113), which was subse- 
quently converted to P(3HB) by the cotransfected P(3HB) 
polymerase from & eutropha. The presence of P(3HB) gran- 
ules in the insect cells was visualized by immunofluorescence. 
Although P(3HB) production was achieved, only 1 mg of 
P(3HB) was isolated from 1 liter of cells, corresponding to 
0.16% of the cell dry weight. These studies provide examples of 
the use of alternative, eukaryotic enzymes for the generation of 
P(3HB) intermediates and the ability to express the phb genes 
in heterologous hosts (292). y . 

Plants 

Recently, efforts have been made to produce P(3HB) in 
plants. Stable expression of the pfib genes has been achieved 
and the P(3HB) produced is chemically identical to the bacte- 
rial products with respect to the thermal properties (T mt T , 
AH), while the molecular weight distribution of the polymer 
was much broader. Still, a significant fraction of the plant 
P(3HB) had a molecular weight of 1,000,000, which indicated 
that plants can make P(3HB) of sufficient quality for industrial 
processing (200). 

Since, in contrast to bacteria, eukaryotic cells are highly 
compartmentalized, there are a number of challenges in ex- 
pressing phb genes in plants, phb genes must be targeted to the 
compartment of the plant cells where the concentration of 
acetyl-CoA is the highest but only in such a way that growth of 
the plant is not restricted. 

Arabidopsis tluiliarta. Although not a crop plant, Arabidopsis 
thaliana was the first plant of choice for transgenic P(3HB) 
studies since it is the model organism for heterologous expres- 
sion studies in plants. The only enzyme of the P(3HB) synthe- 
sis pathway naturally found in A. thaliana is 3-ketoacyl-CoA 
thiolasc. This cytoplasmic 3-ketoacyl-CoA thiolase produces 
mevalonate, the precursor of isoprenoids. Because of the pres- 
ence of endogenous thiolase activity, only the phbB and phbC 
genes from R. eutropha were transfected, resulting in the ac- 
cumulation of P(3HB) granules in the cytoplasm, vacuole, and 
nucleus. The expression of the phb genes had an adverse effect 
on growth which was possibly due to the depletion of acetyl- 
CoA from an essential biosynthetic pathway. Alternatively, 
P(3HB) accumulation in the nucleus could be detrimental 
(199). Similar growth defects and low P(3HB) yield were ob- 
tained with the commercial crop Brassica napus. These prob- 
lems could not be surmounted by introducing phbA in the 
presence of phbB and phbC. This suggests that the endogenous 
thiolasc activity may not have been the critical factor in the 
phenotypic problems associated to P(3HB) synthesis (17$). 

An improved plant production system was subsequently de- 
veloped by expressing all three phb genes in the plastid of A. 
thaliana. The plastid was targeted for P(3HB) production be- 
cause of the high level of acctyl-CoA in this organelle, which is 
the site for lipid biosynthesis. The P(3HB) content in the plas- 
tids gradually increased over time, and the maximum amount 
of P(3HB) in the leaves was 14% of the dry weight (179). In 
contrast to the broad molecular mass distribution of P(3HB) 
produced in the cytoplasm (200), P(3HB) isolated from the 
plastids had a uniform molecular mass of 500.000 Da (177). 



Gossypium hirsutum (cotton). Recently phb genes were en- 
gineered into cotton (Gossypium hirsutum) to determine 
whether P(3HB) formation could alter the characteristics of 
the cotton fiber. Constructs containing phbB zud phbC were 
targeted to fiber cells. Expression of these constructs was 
switched on in the early fiber development stages (10 to 15 days 
postanthesis), under the control of the E6 promoter, or during 
the late fiber development stages (35 to 40 days postanthesis^ 
when the genes were under the. control of the FbL2A pro- 
moter. In the fibers of the transgenic plants, the endogenous 
thiolase activity varied between 0.01 and 0.03 u,mol/min/mg 
and the reductase activity varied between 0.07 and 032 pjnol/ 
min/mg. Epifluorescence studies showed that P(3HB) granules 
had been deposited in the cytoplasm (112). Due to the pres- 
ence of P(3HB) granules in the cotton fiber, the heat capacity 
of the purified cotton was increased and better insulation prop- 
erties were obtained (26). Further improvement of P(3HB) 
and cotton fiber compositions is expected to improve cotton 
characteristics with respect to dyeability, warmth, and wrinklibil- 
ity. Even though the maximum levels of P(3HB) amounted to 
only 3 T 4 mg/g of dry fiber, the incorporation of P(3HB) to this 
level already showed an effect. / 

Zea mays (corn). The P(3HB) biosynthetic pathway from H 
eutropha has also been expressed in Black Mexican sweet 
maize (Zea mays L.) cell cultures. Cell cultures were grown in 
a bioreactor for 2 years rather than in fully differentiated 
plants. The thiolase activity (0. 140 U/mg) was constant, but the 
reductase activity was less stable and decreased from 0.64 to 
0.12 U/mg. ThephbC gene was initially detected, but after 1.5 
years of cultivation it had been lost. In addition to the insta- 
bility of the phbB and phbC genes, the transformed plant cells 
grew more slowly than the native cells did (75). 

Conclusions 

Although P(3HB) synthesis has been achieved in plants, the 
results obtained so far clearly indicate that a long road is' still 
ahead. In contrast to microorganisms, metabolism in plants is 
mostly compartmentalized, which complicates the tasks at 
hand. Current and future developments in. the molecular biol- 
ogy of plants will undoubtedly find rapid application in the 
pursuit of PHAs in plant crops. An intriguing development is 
the potential for transgenic P(3HB) to play a "role in engineer- 
ing new characteristics into existing materials such as cotton. 
Obviously, the limits of transgenic PHA production are unpre- 
dictable. 



POTENTIAL ROLE FOR PHAs IN NATURE 
Since bacteria did not evolve PHA production as a means of 
supplying plastics to mankind, the accumulation of PHAs by 
bacteria must have evolved out of an advantageous phenoiypc 
related to the deposition of these materials. Besides the dis- 
cussed role as storage material for carbon and reducing equiv- 
alents, low-molccular-weight P(3HB) has been found to be 
part of bacterial Ca 2+ channels and is also bound to protein 
and lipids in eukaryotic systems. 

Voltage-Dependent Calcium Channel in Escherichia coli 

An extensive body of knowledge was developed by Rosctta 
Reusch and coworkers at Michigan State University on the 
possible role and function of low-molecular-wcight F(3HB) in 
microbial physiology (9S, 99, 219, 223, 224). Recently it was 
established that P(3HB) in conjunction with polyphosphate 
can form a complex in ZT. coli that transports calcium ions. A 
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node of such a complex is shown in Fig. 16. An alternative 
node! has been based on the crystal structure of pure P(3HB) 
>hgomers; however, that structure does not take the polypho- 
pnate molecule into account (23S) 

Completed P(3HB) (cPHB) is a low-molecular-mass P(3HB) 
Jess than 15,000 Da) that has been found in low concentra- 
tor attached to cellular proteins (99) or complexed with Gal- 
ium and polyphosphate in the form of a calcium channel in 
ie cytoplasmic membrane (219, 224). It has been proposed 
lat these latter structures aid the import of DNA after cells 
ave been-made genetically competent in procedures that use 
alcium ions. When cultures of A. vinelandii, Bacillus subtilis, 
Hemophilus influenzae, and £. coli are treated to make them 
:netically competent for DNA uptake, a specific change in the 
nurture of the membrane of these cells is detected by fluo- 
acence studies (223). Comparative studies indicated a close 
lationship between genetic competence, the appearance of 
is characteristic change in membrane structure, and the 
\ content of E. coli cells. In these studies, the transforma- 
)n buffer that is generally used to make £. coli cells compe- 
nt was varied such that instead of Ca 2+ ions, a broad range 

mono-, di-, and trivalent cations were examined for their 
pacity to make cells prone to take up DNA. From these 
id.es, it was clear that only Ca 2+ and Mg 2+ ions can establish 
s competence state and that some ions support low efficien- 
ts of transformation or even inhibit DNA uptake completely. 
<r each metal ion, the transformation efficiency was closelv 
ated to the structure of the membrane as observed bv fluo- 
;cence studies (93). 



Because this type of P(3HB) is so different from the P(3HB) 
in the storage granules, new assays were developed to deter- 
mine the amount of P(3HB) in biological samples. By using 
these techniques, it has been shown that competent E. coli cells 
contain cPHB in their cytoplasmic membranes and that the 
presence of cPHB was directly related to the transformability 
of the cells. The molar ratio of the components of the P(3HB)- 
potyphosphate-Ca 2 * complex was determined from cPHB pu- 
rified from genetically competent £. coli to be 1:1:0.5. These 
isolated cPHB complexes , were able to form Ca 2+ channels 
when introduced into liposomes (224) or voltage-activated 
Ca- channels in lipid bilayers. Identification of this channel as 
a calcium channel constitutes the first known biological non- 
proteinaceous Ca 2+ channel (219). At present, no information 
is available for the genes and the corresponding gene products 
that are participating in cPHB biosynthesis. The elucidated 
genomic sequence of E, coli (12) does not show any significant 
homolog of a PHA polymerase-encoding gene. 

Subsequent work proved that a channel with identical prop- 
erties can be reconstituted from Ca 2+ polyphosphate and syn- 
thetically prepared (i?)-3-hydroxybutyrate oligomers (33). Re- 
cently, P(3HB) and polyphosphate have also been identified as 
components of purified Ca^-ATPase from the human eryth- 
rocyte, a weil-siudied Ca 2+ channel (220). Given the relative 
: simplicity of the P(3HB)-polyphosphate complex in compari- 
son with the proteinaceous Ca 2 + channels, it is tempting to 
consider the possibility that these bacterial channels have a 
primordial origin. 
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Low-Molecuiar-Weight PHB in Eukaryotic Organisms 

P(3HB) is not just an insoluble molecule made by bacteria 
but, rather, is a unique compound with a variety of roles and 
functions in nature. P(3HB) has also been found in a variety of 
plant and animal tissues (218). In human plasma, P(3HB) can 
be found associated with very-low-density lipoprotein and low- 
density lipoprotein, but not with high-density lipoprotein. In 
addition, a significant portion of P(3HB) is found associated 
with serum albumin. The lipid molecules and albumin are 
thought to be acting as transporters of P(3HB) through the 
blood, with albumin being the major carrier (225). If P(3HB) 
plays a physiological role in large eukaryotic organisms, the 
need for a P(3HB) carrier makes sense, since P(3HB) is highly 
insoluble in aqueous solutions. 



Possible Evolutionary Precursors of PHB 

Since PHB is such a high -molecular-weight molecule, it be- 
comes an intriguing question to find which cellular function has 
driven its evolution. The direct involvement of DNA, RNA, 
and protein in sustaining life provides a simple clue for the 
presence of these macromolecules in the living cell. PHA, 
however, seems to be an inert molecule, and, as with polysac- 
charides, it is interesting to speculate about the roots of such 
molecules. Intracellular stores are obviously advantageous dur- 
ing prolonged periods of starvation, but what was the evolu- 
tionary, low-molecular-weight precursor? Why were 3-hy- 
droxyacyl-CoAs found to be good substrates for deposition in 
intracellular granules, and could they have been abundant in 
the cell during starvation? Where did the enzymes that facili- 
tate PHA synthesis come from? The most obvious hypothesis 
for its original biosynthetic pathway is suggested by similarities 
of its monomers to intermediates of fatly acid metabolism. 
3-Hydroxy fatty acids are part of fatly acid biosynthesis and 
degradation, and these pathways do involve a P-ketoacyl-CoA 
thiolase and p-ketoacyl dehydrogenase. However, PHA poly- 
merase, the enzyme involved in the unique step in PHA bio- 
synthesis, does not have any significant homology to other 
proteins, and its evolutionary predecessor remains enigmatic. 

By analogy, one can speculate about the origin of other 
ubiquitous storage materials such as starch, glycogen, or nat- 
ural rubber. For these polymers, an evolutionary predecessor 
should also have a more essential function than being a siorage 
. molecule. Several oligosaccharides arc essential for a bacte- 
rium. Trehalose is a dimer of glucose molecules and serves as 
an osmoprotectant for the cell. Lipopolysaccharides are oligo- 
saccharides linked to diacyiglyccrol moieties and play a roIiTin 
maintaining cell integrity and viability. Limited polymerization 
of glucose may have been an early evolutionary step in the 
eventual pathway to polysaccharides such as glycogen and 
starch. Other polysaccharides may have been synthesized by 
analogous pathways built on this scheme. In that context, oli- 
gomers of P(3HB) may have been, or may still be/important 
for life. Recently, oligomers of (/?)-3-hydroxybutyrate were 
identified as pheromones in spiders (237). The P(3HB) com- 
ponent of Ca 2+ channels and perhaps other transporters may 
be a subsequent low-molecular-weight predecessor of the high- 
molecular-weight material. Although unrelated to commercial 
PHA production, this evolutionary perspective suggests that 
cPHB may become a new paradigm in microbial physiology or 
even biology in general! As such, it may provide additional and 
unexpected clues to the future of biological polyesters. 



CONCLUSIONS 

An immense body of information is available presently to 
engineer organisms for the synthesis of almost any PHA. A 
polymerase-encoding gene for a specific composition can be 
chosen from a set of 18 identified genes. Depending on the 
pathway to be used for generating the desired monomers 
p!ibAB y phaJ, oxphaG genes are available. These can be chosen 
from a number of different organisms as well.Tri addition to 
these essential phb genes, other enzymes may be used to gen- 
erate novel monomers. The opportunities seem limitless. 

Recombinant production of molecules such as PHAs will 
undoubtedly thrive on the enormous biological diversity of 
nature, where novel protein activities can be obtained from 
exotic places, while gene cloning becomes less and less of a 
technological hurdle. In the future, bacterial fermentations will 
be able to support the production of a wide range of PHAs. 
For economic reasons, plant crops promise to be a more de- 
sired vehicle for PHA production. New procedures to intro- 
duce and express genes in plants are generated rapidly and will 
enable the timely expression of desired genes in the compart- 
ments of choice. Enzymes with all the desired characteristics 
will furthermore be obtained by new in vitro molecular breed- 
ing approaches as long as the screening tools are available. It 
is clear that at the start of the third millennium, transgenic 
PHA producers will be an important source of green plastics 
and chemicals to the world. With the advent of further devel- 
opments in metabolic engineering, such biotechnologies will be 
the rule rather than the exception. 
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Cloning an Escherichia coli gene encoding a protein remarkably 
similar to mammalian aldehyde dehydrogenases. 

Heim R, Strehler EE. 

Laboratory for Biochemistry, Swiss Federal Institute of Technology, CH-80S 
Zurich. 

The nucleotide (nt) sequence of 2.9 kb of Escherichia coli genomic DNA tha 
encompasses a gene encoding a putative aldehyde dehydrogenase (ALDH) h; 
been determined. The presence of an open reading frame beginning 2 nt 
downstream from the ALDH-coding sequence indicates that this gene may br 
part of a larger operon. An extended upstream nt sequence displays striking 
similarity to sequences found upstream or in intergenic regions of a number < 
other bacterial genes. Crude cell extracts from E. coli grown under several 
different conditions show weak but measurable ALDH enzyme activity that 
prefers NADP+ over NAD+ as coenzyme; however, aldH gene expression 
appears to be very low, since no specific transcripts derived from the novel 
gene can be detected on Northern blots of RNA isolated from these cells. Tht 
deduced E. coli protein contains 495 amino acid (aa) residues with a calculafc 
Mr of 53418. Its aa sequence shewed marked similarity to NAD(+)-dependei 
ALDHs of eukaryotes. About 40% aa sequence identity, and over 60% 
similarity, are detected between the E. coli protein and both the cytosolic 
(class-1) and the mitochondrial (class-2) forms of mammalian ALDHs. In 
contrast to the mammalian enzymes, which contain eight to eleven Cys 
residues, only four Cys are present in the E. coli protein, and of these only 
Cys302, corresponding to the disulfiram-sensitive residue in the mammalian 
enzymes, is found at a conserved position in both the prokaryotic and the 
eukaryotic ALDHs. The availability of a bacterial ALDH with a high degree 
similarity to mammalian ALDHs promises to facilitate future structural studi 
on these enzymes. 
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Pathways of Escherichia coli K12* 
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Lactaldehyde dehydrogenase (E.C. 1.2.1.22) of 
Escherichia coli has been purified to homogeneity. It 
has four apparently equal subunits (molecular weight 
55,000 each) and four NAD binding sites per molecule 
of native enzyme. The enzyme is inducible, only under 
aerobic conditions, by at least three different types of 
molecules, the sugars fucose and rhamnose, the diol 
ethylene glycol and the amino acid glutamate. The 
enzyme catalyzes the irreversible oxidation of several 
aldehydes with a K„ in the micromolar range for a- 
hydroxyaldehydes (lactaldehyde, glyceraldehyde, or 
glycolaldehyde) and a higher K m , in the millimolar 
range, for the a-ketoaldehyde methylglyoxal. It dis- 
plays substrate inhibition with all these substrates. 
NAD is the preferential cofactor. The functional and 
structural features of the enzyme indicate that it is not 
an isozyme of other E. coli aldehyde dehydrogenases 
such as glyceraldehyde phosphate dehydrogenase, gly- 
colaldehyde dehydrogenase, or acetaldehyde dehydro- 
genase. The enzyme, previously described as specific 
for lactaldehyde, is thus identified as a dehydrogenase 
with a fairly general role in aldehyde oxidation, and it 
is probably involved in several metabolic pathways. 



In bacteria, aldehyde oxidation is catalyzed by enzymes 
that may be classified in two general types according to their 
high or low substrate specificity (1). Enzymes such as succi- 
nate semialdehyde dehydrogenase (2) and malonate semialde- 
hyde dehydrogenase (3) of Pseudomonas sp. belong to the 
high specificity type. Other aldehyde dehydrogenases from 
several species, including Pseudomonas sp. (4) or Acetobacter 
sp. (5), are rather nonspecific and have been assigned a more 
general role in the dissimilation of the intracellular or extra- 
cellular aldehydes in detoxication processes. 

As stated by Kane (6), these enzymes with ambiguous 
catalytic functions cannot be considered multifunctional pro- 
teins according to the definition of Kirshner and Bisswagner 
(7). Nevertheless, their involvement in multiple pathways is 
important in cellular metabolism and perhaps also in the 
evolution of diverse pathways. 

In Escherichia coli K12, the lactaldehyde dehydrogenase 
was initially described as part of the L-l,2-propanediol meta- 
bolic pathway (8) in which it oxidizes lactaldehyde, formed 
after oxidation of the. diol, by the enzyme propanediol oxido- 
reductase, to lactate. Later, when L-l,2-propanediol was iden- 

* This work was supported by Grant 1619/82 from the Comision 
Asesora de Investigacion Cientifica y Tecnica, Spain. The coats of 
publication of this article were defrayed in part by the payment of 
page charges. This article must therefore be hereby marked "adver- 
tisement" in accordance with 18 U.S.C. Section 1734 solely to indicate 
this fact. 

J To whom correspondence and reprint requests should be ad- 
dressed. 



tified as a product of fucose (9) and rhamnose (10) fermen- 
tation, it became apparent that the lactaldehyde dehydrogen- 
ase was involved in the oxidative pathway of these methyl - 
pentoses. Fucose and rhamnose are metabolized by two par- 
allel pathways including an isomerization by specific isomer- 
ases (11, 12) and a phosphorylation by specific kinases (13, 
14). Both pathways converge after the cleavage of fuculose 1- 
phosphate and rhamnulose 1 -phosphate by the corresponding 
aldolases, yielding, in each case, L-lactaldehyde and dihydrox- 
yacetone phosphate (15, 15). Under anaerobic conditions, the 
lactaldehyde is reduced to 1,2-propanediol in a reaction that 
is reversed in the mutant cells able to use propanediol (9). 
Under aerobic conditions, the lactaldehyde formed by the 
cleavage of the metabolized sugars is oxidized to lactate in- 
stead of being reduced to propanediol by the fermentation 
mechanism (9). 

In another context, Caballero et al (17) showed that the 
same lactaldehyde dehydrogenase was used to oxidize glycol- 
aldehyde in E. coli mutants able to use ethylene glycol via 
glycolaldehyde. 

The enzyme has been partially characterized by Sridhara 
and Wu (8) as a NAD-dependent lactaldehyde dehydrogenase. 
In this report, we further characterize the homogeneous en- 
zyme and compare it to other well-studied aldehyde dehydro- 
genases of E. coli. In view of the results presented here we 
propose to change the consideration of this enzyme as a 
specific lactaldehyde dehydrogenase to an aldehyde dehydro- 
genase of general function participating in several pathways. 

EXPERIMENTAL PROCEDURES 

CtemwxiZs— D,L-l,2-Propanediol, formaldehyde, acetaldehyde, and 
propionaldehyde were from Merck (Darmstadt, West Germany) and 
were purified by distillation. L-Lactaldehyde was synthesized by 
reacting D-threonine with ninhydrin according to the method of 
Zagalak et al (18), and the product obtained was further purified by 
chromatography on a Whatman No. 3 (Chroma) filter paper with 1- 
propanol/ammonia (6:4, v/v) as solvent. The lactaldehyde concentra- 
tion in the solution resulting from the elution of the corresponding 
spot was measured by the semicarbazone formation method (19). 
Glutamic 7-semialdehyde was prepared by hydrolysis of D,L-A l -pyr- 
roline-5-carboxylate-2 f 4-dinitrophenylhydrazone HCl as described by 
Mezel and Knox (20). Ethylene glycol was from Carlo Erba (Milano, 
Italy). Fucose, rhamnose, L-glyceraldehyde, glycolaldehyde, methyl- 
glyoxal, threonine, ninhydrin, NAD(P), succinic semialdehyde, d,l- 
A^pyrroIine-S-caxboxylate-S^-dinitrophenylhydrazone HCl and -y- 
aminobutyric acid were from Sigma. Casamino acids were obtained 
from Difco (Detroit, MI). Hydroxylapatite and gel electrophoresis 
reagents were purchased from Bio-Rad, except for acrylamide which 
was from Fluka (Busch, Switzerland). Ampholytes were from Phar- 
macia (Uppsala, Sweden). The other chemicals were of the purest 
grade available. 

Bacterial Strains — The parental strain used was an E. coli K12, 
strain E-15 (21) and is here referred to as strain 1. Strain 3 was a 
propanediol oxidoreductase constitutive mutant capable of growth on 
L- 1,2-propanediol and derived from strain 1 after ethyl methane 
sulfonate mutagenesis (22). Strain 40, an L-l,2-propanediol-negative 
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mutant lacking lactaldehyde dehydrogenase, was derived from strain 
3 after iV-methyl-N'-nitro-iV-nitrosoguanidine mutagenesis (8). 
These three strains were kindly provided by E. C. C. Lin, Department 
of Microbiology and Molecular Genetics, Harvard Medical School, 
Boston, MA. Strain JA-102, a spontaneous derivative of strain 3 
obtained in our laboratory and previously referred to as strain EG3, 
was able to grow on ethylene glycol (23). Strain JA-102 is an inducible 
superproducer of lactaldehyde dehydrogenase. 

Growth Media and Preparation of Cell Extracts — Cells were grown 
and harvested as indicated previously (10). Extracts were prepared 
as described (24) except for the buffer, which was 10 mM sodium 
phosphate (pH -7.3) containing 10 mM 0-mercaptoethanol and 1 mM 
EDTA (buffer A). Since glutamate is not used as a sole carbon source 
by E. coli (25, 26) induction by glutamate was performed by growing 
the cells on glycerol to an absorbance of 3.0 measured at 420 nm; at 
that point the glutamate was added to a 12 mM concentration, the 
cells were incubated for 4 b at 37 *C, and collected. 

Lactaldehyde Dehydrogenase Purification— The enzyme was puri- 
fied to homogeneity by a modification of the procedure described by 
Caballero et at (17) consisting of the substitution of the last step 
(Ultrogel AcA-34 gel filtration) by hydroxylapatite column chroma- 
tography. To that end, the pooled fractions containing the enzyme 
after the affinity chromatography were concentrated and dialyzed 
against buffer A, and the preparation was loaded onto a column of 
hydroxylapatite (2x2 cm) that had been equilibrated and washed 
with 50 ml of the same buffer A. A linear gradient of 100 ml of buffer 
A ranging from 10 to 100 mM sodium phosphate at pH 7.3 was then 
applied to the column. The dehydrogenase was eluted at a phosphate 
concentration of 30-40 mM. For routine procedures, the enzyme was 
obtained after a single pulse of 35 mM phosphate concentration. 

Immunological Techniques — Antisera against lactaldehyde dehy- 
drogenase were raised in New Zealand white rabbits, with the strain 
3 purified enzyme as antigen. Purified lactaldehyde dehydrogenase 
(250 Mg) in 300 /il of 10 mM sodium phosphate (pH 7.3) containing 
150 mM NaCl was emulsified in an equal volume of Freund complete 
adjuvant, and the mixture was injected subcutaneoualy 2 and 4 weeks 
later. The rabbits were bled 1 week after the last booster injection. 
The globulin fraction was partially purified by 35% ammonium sulfate 
precipitation. Immunoelectrophoresis was performed as described by 
Laurell (27). 

Enzyme Assays — The aldehyde dehydrogenase activity was assayed 
spectrophotometrically at 25 *C by following the absorbance at 340 
nm (NADH formation) in a mixture (1 ml) that consisted of 1 mM 
glycolaidehyde, 2.5 mM NAD, and 100 mM sodium glycine buffer at 
pH 9.5. For the specificity studies, the concentrations of the different 
substrates were changed as indicated. The kinetic determinations 
were performed with six different concentrations of substrates brack- 
eting those indicated in Table V for each aldehyde. The initial 
velocities obtained during the first 30 s of reaction were determined 
The K m and V were obtained by linear regression analysis of the data 
plotted according to Lineweaver and Burk. 

The concentration of proteins in cell extracts and purified prepa- 
rations was determined by the method of Lowry et al (28), modified 
by Bensadoun and Weinstein (29) to avoid EDTA interference. 

Gel Electrophoresis— Acrylamide gel electrophoresis in dissociating 
conditions was performed according to Laemmli (30), and the gels 
were stained by Coomassie Brilliant Blue (R-250) or by silver stain 
(31, 32). Where indicated, the gels were stained for lactaldehyde 
dehydrogenase activity by incubation in a reaction mixture that 
contained (per liter) 100 mmol of glycine (brought to pH 9.5 by 
NaOH), 0.3 mmol of L-lactaldehyde, 5 mmol of NAD, 300 mg of nitro 
blue tetrazolium, and 100 mg of phenazine methosulfate. 

Isoelectric Focusing— Isoelectric focusing was carried out on 5% 
acrylamide plates (120 X 100 X 1.5 mm) containing 7.5% Pharmalytes 
at pH 3-6 (Pharmacia) for 6 h at a constant power of 8 watts. 
Solutions of 0.1 M H 2 SO< and 0.1 M NaOH were employed to soak 
the electrodes. The system was liquid refrigerated with a Multiphore 
apparatus (LKB). 

Before staining, the gel was soaked for 1 h with gentle shaking in 
a mixture containing 10% (w/v) trichloroacetic acid and 5% (w/v) 
sulfosalicylic acid to remove the ampholytes and to precipitate the 
proteins. The gel was transferred to a solution consisting of 30% 
(v/v) ethanol and 10% (v/v) acetic acid for 2 h to adjust the pH and 
then stained for 1 h in the same solution containing 0.1% (w/v) of 
Coomassie Brilliant Blue. 

Molecular Weight Analysis— The molecular weight was determined 
on an Ultrogel AcA-34 calibrated column (1.5 X 95 cm) equilibrated 
and eluted with buffer A at a flux of 6 ml/cm~ 2 /h~ l . Calibration was 



carried out with ovalbumin (43,000), yeast alcohol dehydrogenase 
(126,000), rabbit muscle lactic dehydrogenase (140,000), and catalase 
(240,000). 

The molecular weight of the subunits was determined by SDS 1 - 
polyacrylamide gel electrophoresis which was performed as described 
by Laemmli (30). 

Amino Acid Composition— For amino acid analysis, samples of the 
purified enzyme were dialyzed against 10 mM sodium phosphate 
buffer at pH 7.0 and the amino acid analysis was performed by the 
services of the Faculty of Sciences (Biology Section) of the University 
of Barcelona in a Chromaspeck Hilger automatic amino acid analyzer, 
with L-norleucine as the internal standard and the fluorescence 
detection method of reaction with o-phthalaldehyde. Hydrolysis in 6 
N HCI at 110 *C was done for 24, 48, and 72 h. Serine and threonine 
were determined by extrapolation to zero time hydrolysis; valine and 
isoleucine were determined from maximum values. Other amino acids 
were determined from average values. Cysteine and tryptophan were 
determined after hydrolysis in tryptamine (2 mg/ml) and p- toluene- 
sulfonic acid (0.58 g/ml) at 110 *C for 24 h. 

RESULTS 

Lactaldehyde dehydrogenase, determined both by immu- 
nological procedures and by its oxidative activity on glycol- 
aldehyde, was present in cells grown aerobically on different 
carbon sources (Table I). The enzyme was undetectable under 
anaerobic conditions. In the absence of inducing nutrients, 
e.g. growth on glycerol or succinate, the cells displayed semi- 
constitutive levels of the enzyme which, in the presence of 
fucose, rhamnose, or glutamate, increased 3- to 4-fold. In 
contrast to glutamate, 7-aminobutyric acid, and glutamic y- 
semialdehyde, both products of glutamate metabolism, were 
unable to act as inducers. In mutant cells (strain 3) able to 
grow on propylene glycol, the enzyme was also induced by 
this product. A third stage mutant (strain JA102), able to 
grow on ethylene glycol, showed an increase over the semi- 
constitutive basal level of enzyme, and a 3-fold induction of 
this level when grown on ethylene glycol. 

The relationship between specific activity and rocket height 
was a nearly constant value of 11 to 12, except for the glucose 
culture in which, owing to the low concentration of enzyme 
in the extracts, the height of the rocket deviated from line- 
arity. In addition, the negative mutant strain 40, lacking 
enzymatic activity, showed no detectable cross-reacting ma- 
terial. None of the conditions tested induced the synthesis of 
the enzyme in this strain. It should be pointed out that, like 
the wild type strain, mutant strain 40 although using gluta- 
mate as a sole nitrogen source, cannot use it as a sole carbon 
source. 

Preparations of lactaldehyde dehydrogenase, purified by 
the procedure described previously by Caballero et ai (17), 
contained a contaminant protein that appeared as a faint 
band of higher electrophoretic mobility when stained by Coo- 
massie Brilliant Blue (Fig. 1) but not when stained by enzyme 
activity (not shown). Addition of several protease inhibitors 
to the purification procedures did not prevent the presence of 
the contaminant band, suggesting that its origin was not 
proteolytic cleavage of the enzyme. Replacement of the Ultro- 
gel AcA-34 column chromatography, the last step in the 
original purification procedure, by a hydroxylapatite column 
chromatography allowed us to eliminate the contaminant 
from the enzyme. This modified procedure resulted in an 
overall yield of 17%, 134-fold purification, and a preparation 
with a specific activity of 14.7 units/mg (Table II). 

The criteria for homogeneity of the enzyme preparation 
was based on isoelectric focusing (not shown) and polyacryl- 
amide gel electrophoresis in the presence of SDS (Fig. 1). 
Only one band was observed in the gels when applying either 



1 The abbreviation used is: SDS, sodium dodecyl sulfate. 
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Table I 

Enzyme activities and immunological quantification of lactaldehyde dehydrogenase of E. coli grown aerobicaUy on 

different carbon sources 

Specific activities of lactaldehyde dehydrogenase were determined under standard conditions in crude extracts 
of wild type strain and the indicated mutant strains. Immunoelectrophoresis was performed in a gel containing 
0,4% (v/v) of the specific globulins prepared as indicated under "Experimental Procedures." Except where indicated. 
50 tig of extract was applied to the plate and the height of the Laurel! rockets in mm measured after staining with 
Coomassie Brilliant Blue. 



Carbon source 


Strain 1 




Strain 3 




Strain JA-102 


Strain 40 




Activity 


Rocket 


Activity 


Rocket 


Activity 


Rocket 


Activity 


Rocket 




muniu/mg 


mm 


munitsfmg 


mm 


munitsfmg 


mm 


munits/mg 


mm 


Glucose 


40 


5 


40 


5 


200 


18 


NR" 


0 


Glycerol 


80 


7 


80 


7 


220 


20 


NR" 


0 


CAA* 


220 


20 


175 


15 


800 




NR° 


0 


Glycerol + glutamate 


175 


14 


200 


18 






NR° 


0 


Fucose 


360 


28 














Rhamnose 


340 


27 










NR' 


0 


Propanediol 






280 


22 










Ethylene glycerol 










790 


25 c 







0 Not relevant. 

b Casein hydrolysate, 

c 20 ug of extract applied. 



1 



2 3 4 KDc 




am. - : 



97.4 
66 

45 

36 

29 
24 

20 



FlG. 1. SDS-polyacrylamide gel electrophoresis of purified 
lactaldehyde dehydrogenase. Electrophoresis as described by Lae- 
mmli (27) and stained with Coomassie Brilliant Blue was performed 
for the purified enzyme. Lane 1> lactaldehyde dehydrogenase purified 
by the method described previously (17); lane 2, lactaldehyde dehy- 
drogenase purified as reported here. The standards as part of two 
protein mixtures were applied in lanes 3 and 4 t and contained: trypsin 
inhibitor (20,000), trypsinogen (24,000), carbonic anhydrase (29,000), 
glyceraldehyde phosphate dehydrogenase (36,000), egg albumin 
(45,000), bovine serum albumin (66,000), and phosphorylase b 
(97,500). 

up to 25 fig of protein (Coomassie Brilliant Blue stain) or 1 
tig of protein (silver stain). 

Ultrogel AcA-34 column chromatography allowed a molec- 
ular weight estimate of 220,000 (Fig. 2). The mobility of the 
enzyme on SDS-polyacrylamide gel electrophoresis yielded a 
subunit molecular weight of 55,000. Therefore, the enzyme 
appears to be a tetramer of equivalent weight subunits. 

In a pH gradient ranging from 3.0 to 6.0, the enzyme was 
focused as a single band at pH 4.6 when stained either for 
activity or with Coomassie Brilliant Blue. 

The ultraviolet absorption spectrum of lactaldehyde dehy- 
drogenase in 10 rhM sodium phosphate buffer (pH 7.0) showed 
a A™, at 278 nm, and a 280/260 nm ratio of 1.54 which 
suggested a very low NAD content. However, a small amount 
of coenzyme was probably present because, when the enzyme 
was treated with charcoal, the 280/260 nm ratio rose to 1.82, 



Table II ; , 

Purification of lactaldehyde dehydrogenase of E. coli 
Ceils were grown aerobicaUy on casein hydrolysate and the purifi- 
cation procedure followed using 1 mM glycolaldehyde as the substrate 



Step 


Total 
protein 


Total 
activity 


Specific 
activity 


Yield 


Purifi- 
cation 




mg 


units 


units j rug 


% 


-fold 


Crude extract 


2380 


262 


0.11 


100 


1 


Ammonium sulfate 


736. 


243 


0,33 


93 


3 


precipitation 












DEAE-Sephadex 


158 


152 


0.96 


58 


9 


Agarose-hexane-NAD 


19 


94 


4.95 


36 


44 


Hydroxy lapat i te 


3 


44 


14.7 


17 


134 




50 100 200 
. Molecular weight xlO 3 

FlG. 2. Determination of the molecular weight of native 
lactaldehyde dehydrogenase by gel filtration chromatography 
in an Ultrogel AcA-34 column. The molecular weight of various 
standard proteins: egg albumin (0 VO, 43,000), yeast alcohol dehydro- 
genase {ADH t "126,000), lactic dehydrogenase {LDH, 140,000), and 
catalase {CAT, 240,000) have been plotted against their V t fV 0 (rela- 
tive elution volume) for the determination of the molecular weight of 
the enzyme {LALDH). 

the X max remaining at 278 nm. The enzyme was then com- 
plexed with NAD by incubating at 23 °C for 10 min with 
increasing concentrations of this cof actor. Titration of the 
enzyme with NAD was followed at 360 nm, a characteristic 
absorption band of the NAD-aldehyde dehydrogenase com- 
plexes (33). There was a linear increase in absorbance with 
the addition of up to approximately 4 mol of NAD/mol of 
protein; further addition of coenzyme did not increase the 
absorbance (Fig. 3). At saturation, the \ tttax shifted to 272 nm 
and the 280/260 nm ratio fell to 1.15. 

The amino acid composition of the enzyme is shown in 
Table III. The results are the average of 24, 48, and 72 h 
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20.01 



0 2 4 6 6 10 
Moles NAD added per mole of 
ercyme 

Fig. 3. Titration of E. coli lactaldebyde dehydrogenase with 
NAD. Native enzyme (1 mg/ml in sodium phosphate buffer) at 23 *C 
was titrated with stepwise additions of NAD and the absorbance at 
360 nm was measured 10 min after each addition. 



Table IV 

Activity of lactaldebyde dehydrogenase relative to activity with 
glycolaldehyde 

All assays were in 100 dqm sodium glycine buffer (pH 9.5} contain- 
ing 2.5 mM NAD; 0.5 mM aldehyde was employed. 



Substrate 


Activity" 


Glycolaldehyde 


% 
100 


L-Glyceraldehyde 


100 


L-Lactaldehyde 


39 


Methylglyoxal 


14 


Succinic semialdehyde 


0 


Glutamic -y-semialdehyde 


0 


Propionaldehyde 


0 


Acetaldehyde 


0 


Formaldehyde 


0 



° Activity is based on the activity obtained witb 0.5 mM glycolal- 
dehyde which was taken as 100%. 



Table III 

Amino acid composition of lactaidehyde dehydrogenase of E. coli 
Amino acid frequencies are expressed as mol/protein: 220,000 g 

and mol/eubunit: 55,000 g. Values are the average of 24, 48, and 72 h 

hydrolyses with 6 N HC1, except where noted. 



Table V 

Kinetic properties of lactaidehyde dehydrogenase 
Lactaidehyde dehydrogenase kinetic constants were determined 
according to Lineweaver and Burk. 



Amino acid 


Frequencies in 


Frequencies 


native enzyme 


in subunit 


Aspartate 


155.7 


35.6 


Threonine" 


90.0 


22.5 


Serine" 


62.0 


15.5 


Glutamic acid 


224.0 


56.0 


Proline 


75.6 


18.9 


Glycine 


172.0 


43.0 


Alanine 


206.0 


51.5 


Valine 6 


130.3 


32.6 


Methionine 


8.0 


2.0 


Isoleucine 6 


116.2 


29.0 


Leucine 


121.2 


30.3 


Tyrosine 0 


42.0 


10.5 


Phenylalanine 


59.6 


14.9 


Histidine 


28.8 


6.7 


~ Lysine 


84.8 


21.2 


Arginine 


96.6 


24.2 


Tryptophan* 


9.6 


2.4 


Cysteine* 


6.0 


1.5 



• Extrapolated to zero time hydrolysis. 

* Maximum value. 

c Values obtained from 24 h hydrolysis with tryptamine and p- 
toluensulfonic acid. 

hydrolyses, except where noted. Residues in the native enzyme 
are expressed as mol/220,000 g of protein. Assuming that the 
enzyme four polypeptide subunits are identical, their compo- 
sition is indicated in the last column and expressed as mol/ 
55,000 g of protein. 

Several substrates at concentrations ranging between 0.01 
and 10 mM were used to determine the substrate specificity 
of our enzyme preparation. The enzyme was active with a- 
hydroxyaldehydes and an a-ketoaldehyde; it did not oxidize 
other aldehydes significantly (Table IV). The reversibility of 
the reaction catalyzed by lactaidehyde dehydrogenase was 
studied with glycolate and lactate as substrates at concentra- 
tions ranging between 10 and 200 mM and NADH as cofactor 
at concentrations ranging from 0.1 to 2 mM. The assay was 
conducted under standard conditions as indicated for the 
reaction of oxidation with pH buffer systems between pH 6.5- 
9.5. No activity was found under any of these conditions. 
Thus, the aldehyde oxidative reaction catalyzed by lactaide- 
hyde dehydrogenase is irreversible. 

To further characterize substrate specificity, kinetic exper- 
iments were performed for each substrate. Michaelis con- 





K m 


V 


V/K m 




mM 


units /mg 




Substrate. 








Glycolaldehyde 0 


0.38 


19.0 


50.0 


L-Glyceraldehyde b 


0.15 


12.0 


80.0 


L-Lactaldehyde' 
Methylglyoxal' 1 


0.04 


8.0 


190.0 


1.00 


2.5 


2.5 


Coenzyme 








NAD (glycolaldehyde)' 


0.28 


19.0 




NAD (L-Lactaldehyde)* 


0.12 


8.0 





° Substrate concentrations: 0.05-1 mM. 
6 Substrate concentrations: 0.025-0.5 mM. 
f Substrate concentrations: 0.015-0.1 mM. 
d Substrate concentrations: 0.5-2 mM. 

* Coenzyme concentrations: 0.05-0.5 mM. Glycolaldehyde and L- 
lactaldehyde were used at saturating concentrations, 1 and 0.1 mM, 
respectively. 



stants and maximal velocities are listed in Table V. Since 
both K m values and maximal velocities varied with substrates, 
values of "kinetic power" of the metabolic conversion (V/K m ) 
as defined by Keleti and Welch (34) are also listed for easy 
comparison of the possible physiological role of the different 
substrates. These values range between 2.5 and 190. 

Activity with NADP was very low (one-tenth of that ob- 
tained with NAD) and exhibited a K m of 6.25 mM. The 
Michaelis constant for the coenzyme NAD was 0.28 mM when 
the substrate was glycolaldehyde and a very close value, 0.12 
mM, when the. substrate was lactaidehyde. 

Owing to substrate inhibition, a different optimum concen- 
tration was obtained for the oxidation of each of the sub- 
strates: 1 mM for glycolaldehyde, 0.1 mM for L-lactaldehyde, 
0.5 mM for L-glyceraldehyde, and 2 mM for methylglyoxal. 
Taking 100% for the activity on glycolaldehyde, the substrates 
at 0.5 mM concentration gave relative activities as indicated 
in Table IV. Substrate inhibition was very strong with lactai- 
dehyde, diminishing progressively with glycolaldehyde, glyc- 
eraldehyde, or methylglyoxal. Substrate inhibition by NAD 
was not observed with any of the aldehydes. 

The enzyme was inhibited by p-hydroxy mercuribenzoate 
(50% inhibition at 1.5 mM) and by some cations added as its 
chlorides (50% inhibition at 10 mM for Mn 2+ , 5 mM for Ca 2+ , 
0.40 mM for Cu 2+ , and 0.25 mM for Zn 2+ ). No inhibition was 
found with MgCl 2 up to 25 mM concentration. 



E. coli Aldehyde Dehydrogenase Serving Distinct Pathways 



13995 



DISCUSSION 

The first hint indicating that lactaldehyde dehydrogenase 
is involved in several pathways in E. coli cells was the induc- 
tion of this enzyme in the presence of molecules metabolized 
by different pathways, such as fucose, rhanmose, ethylene 
glycol, or glutamate. Fucose and rhamnose would not be 
expected to produce different inducer molecules since their 
metabolism is similar. L-l,2-Propanediol, an intermediate 
metabolite of these sugars, might also yield the same inducer 
molecules. However, ethylene glycol is clearly different in 
view of the fact that, although it uses the same enzymes as 
those that metabolize L-l,2-propanediol, the intermediate me- 
tabolites are different (23). Thus, the control machinery for 
the expression of lactaldehyde dehydrogenase would appear 
to recognize two different inducer molecules. 

With regard to glutamate, it is difficult to think of any 
relationship between its metabolism and those of the other 
molecules capable of inducing the enzyme. Consequently, 
there may be a third, unknown inducer molecule. The multiple 
metabolic roles of glutamate (35-37) do not permit us at 
present to suggest which of the related pathways produces the 
inducer. Nevertheless, it is very unlikely that induction of 
lactaldehyde dehydrogenase by glutamate could be related to 
its use as nitrogen source, since strain 40, unable to induce 
the enzyme, behaves in this respect as wild type E. coli It is 
also of interest that, although in E. coli cells glutamate is 
decarboxylated to y-aminobutyric acid, a compound not fur- 
ther metabolized in these cells (38), or it is reduced to glutamic 
7-semialdehyde (35), these products of the glutamate metab- 
olism do not induce lactaldehyde dehydrogenase. 

Besides the multiple induction pattern of lactaldehyde de- 
hydrogenase, the participation of the enzyme in diverse met- 
abolic processes is also supported by its broad substrate spec- 
ificity oxidizing not only a-hydroxyaldehydes but also an a- 
ketoaldehyde. Even though the kinetic power (V/K m ) for the 
latter is considerably lower than that for the a-hydroxyalde- 
hydes, we should point out that it is of similar order of 
magnitude than the kinetic power of many other substrate- 
enzyme systems for which a metabolic role has routinely been 
accepted (39-41). 

The nearly constant relationship between specific activity 
and height of the rocket indicates that the differences ob- 
served in the enzymatic activity are due to changes in the 
synthesis of the enzyme rather than to modifications in the 
activity of the enzymatic protein present in the cell. 

In a mutant defective for this enzyme (strain 40), the 
absence of both activity and lactaldehyde dehydrogenase pro- 
tein under any inducing conditions suggests that all aldehyde 
oxidative activities serving the different pathways are a func- 
tion of the same enzymatic protein. 

The purification to homogeneity of the enzyme has allowed 
us to examine some of its structural features and to distinguish 
it from other well-known aldehyde dehydrogenases acting on 
a-hydroxyaldehydes in E. coli Thus, the molecular weight of 
220,000 and the composition of four subunits of 55,000 of 
lactaldehyde dehydrogenase are clearly different from those 
of glyceraldehyde phosphate dehydrogenase (33) which has a 
molecular weight of 144,000 and four subunits of 36,000. The 
amino acid compositions also show differences such as the 
contents of lysine, aspartate (including asparagine), threo- 
nine, and methionine which are lower in lactaldehyde dehy- 
drogenase and the contents of glutamate, arginine, proline, 
and isoleucine which are higher. 

Three isozymes, A, B and C, of glycolaldehyde dehydrogen- 
ase have been described by Morita et ai. (42) in E. coli B. An 
important difference between those aldehyde dehydrogenases 



and lactaldehyde dehydrogenase is the reversibility of the 
reaction, which has not been observed with lactaldehyde 
dehydrogenase. According to Morita et ai and another report 
(43), these enzymes seem not to use NAD as a coenzyme. 
Although lactaldehyde dehydrogenase has some features sim- 
ilar to those of isozyme A, such as metal ions inhibition and 
broad specificity of substrates, and displays some activity 
with NADP, an identity with this isozyme cannot be estab- 
lished. 

Acetaldehyde dehydrogenase, another well-characterized 
enzyme in E. coli, is a CoA-dependent enzyme (44). In con- 
trast, lactaldehyde dehydrogenase is uncapable of oxidizing 
acetaldehyde either in the presence or absence of CoA. 

. To our knowledge, after the report of Sridhara and Wu (8) 
on lactaldehyde dehydrogenase, no other study of this enzyme 
has been published. Our results on the analysis of mutant 
strain 40 identify the enzyme reported here with that studied 
by Sridhara and Wu. Although the limited molecular charac- 
terization of lactaldehyde dehydrogenase carried out by these 
authors does not permit a good comparison, the molecular 
weight of 100,000 found by them for the native enzyme seems 
to correspond to a dimeric composition rather than to the 
tetrameric composition resulting from our molecular weight 
determination. In view of the NAD titration described in this 
report, we are inclined to consider the tetrameric form that 
corresponds to the native enzyme. 

Substrate inhibition and uncertainty of substrate concen- 
trations, owing to the origin of the aldehydes, may explain 
the differences between the relative activities obtained by 
Sridhara and Wu (8) and those presented in this report. The 
almost undetectable activities on glyceraldehyde and meth- 
ylglyoxal (they did not assay glycolaldehyde) observed by 
these authors led them to the erroneous conclusion that the 
enzyme was highly specific for lactaldehyde. 

The information summarized above leads to two conclu- 
sions. First, the enzyme described in this report is clearly 
different from other aldehyde dehydrogenases described in E. 
colL And second, aldehyde dehydrogenase role is, most likely, 
the oxidation of diverse aldehydes produced by different path- 
ways of cellular metabolism. 

Acknowledgments— We thank Dr. Albert Boronat for helpful dis- 
cussion and Carmen Werner for her help in the preparation of the 
English manuscript. 

REFERENCES 

1. Jakoby, W. B. (1963) Methods EnzymoL 7, 203-221 

2. Callewaert, D. M., Rosemblatt, M. S., Suzuki, K., and Tchen, T. 

T. (1973) J. Biol Chem. 248, 6009-6013 

3. Nakamura, K., and Bemheim, F, (1961) Biochim, Biophys. Acta 

60, 147-152 

4. Jakoby, WrB. (1958) J. Biol Chem. 232, 75-97 

5. Nakayama, T. (1969) J. Biochem, (Tokyo) 48, 812-815 

6. Kane, J. F. (1983) in Multifunctional Proteins: Catalytic/ Struc- 

tural and Regulatory (Kane, J. F. ( ed) pp, 1-8, CRC Press, Inc., 
Boca Raton, FL 

7. Kirschner, K., and Bisswagner, H. (1976) Annu. Rev. Biochem. 

45, 143-166 

8. Sridhara, S., and Wu, T. T. (1969) J. BioL Chem. 244, 5233- 

5238 

9. Cocks, G. T., Aguilar, J., and Lin, E. C. C. (1974) J. BacterioL 

118,83-88 

10. Boronat, A., and Aguilar, J. (1979) J. BacterioL 140, 320-326 

11. Green, M. r and Cohen, S. S. (1956) J. BioL Chem, 219, 557-568 

12. Takagi, Y., and Sawada, H. (1964) Biochim. Biophys. Acta 92, 

10-17 

13. Heath, E. C. ( and Ghalambor, M. A. (1962) J. Biol. Chem. 237, 

2423-2426 

14. Takagi, Y., and Sawada, H. (1964) Biochim. Biophys. Acta 92, 

18-25 



13996 



JE. coli Aldehyde Dehydrogenase Serving Distinct Pathways 



15. Ghalambor, M. A., and Heath, E. C. (1962) J. Biol Chem. 237, 

2427-2433 

16. Chiu, T. H., and Feingold, D. S. (1969) Biochemistry 8, 98-102 

17. Caballero, E., Baldoma, L., Ros, J., Boronat, A., and Aguilar, J. 

(1983) J. Biol Chem. 258, 7788-7792 

18. Zagalak, B., Frey, P. A., Karabtsos, L„ and Abeles, R H. (1966) 

J. Biol Chem. 24 1, 3028-3035 

19. Olson, J. A. (1959) J. Biol Chem. 234, 5-10 

20. Mezel, V. A„ and Knox, W. E. (1976) Anal Chem. 74, 430-440 

21. Bachmann, B. J. (1972) Bacterial Rev. 47, 180-230 

22. Sridhara, S., Wu, T. T., Chuaed, T. M., and Lin, E. C. C. (1969) 

J. Bacterial 93, 87-95 

23. Boronat, A., Caballero, E., and Aguilar, J. (1983) J. Bacterial 

163,134-139 

24. Boronat, A., and Aguilar, J. (1981) J. Bacterial 147, 181*185 

25. Halvoreon, H. (1972) Can. J. Microbiol 18, 1647-1650 

26. Halpem, Y. S., and Umbarger, H. E. (1961) J. Gen. Microbiol 

26, 175-183 

27. Laurell, C. B. (1966) Anal Biochem. 16, 45-52 

28. Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. 

(1951) J. Biol Chem. 193, 265-275 

29. Bensadoun, A., and Weinstein, D. (1976) Anal Biochem. 70, 

241-250 

30. Laemmli, U. K. (1970) Nature 227, 680-685 



31. Oakley, B. R., Kirsh, D. R., and Morris, N. R. (1980) Anal 

Biochem. 106, 361-369 

32. Wray, W., Boulikas, T., Wray, W. P., and Hancock, R. (1981) 

Anal. Biochem. 118, 197-203 

33. D'Aleasio, G. t and Josse, J. (1971) J. Biol Chem. 246, 4326-4333 

34. Keleti, T., and Welch, G. R. (1984) Biochem. J. 223, 299-303 

35. Umbarger, H. E. (1978) Annu. Rev. Biochem. 47, 533-606 

36. Smith, C. J. f Deutch, A. H M and Rushlow, K E. (1984) J. 

Bacteriol 167, 545-551 

37. Strausbauch, P. H., Fischer, E. H., Cunningham, C. t and Hager, 

L. P. (1967) Biochem. Biophys. Res. Co'mmun. 28, 525-530 

38. Vender, J., Jayaraman, K., and Rickenberg, H. (1965) J. Bacteriol 

90, 1304-1307 

39. Brown, J. E. t Brown, P. R, and Clarke, P. H. (1969) J. Gen. 

Microbiol 67, 273-295 

40. Neuberger, M. S., Patterson, R. A., and Hartley, B. S. (1979) 

Biochem. J. 183, 31-42 

41. Boronat, A., and Aguilar, J. (1981) Biochim. Biophys. Acta 672, 

98-107 

42. Morita, H., Tani, Y., Ogata, K. f and Yamada, H. (1978) Agric. 

Biol Chem. 42, 2077-2081 

43. Shimizu, S., and Dempsey, W. B. (1978) J. Bacteriol 133, 1273- 

1277 

44. Rudolph, F. B., Punch, D. L., and Fromm, H. J. (1968) J. Biol 

Chem. 243, 5539-5545 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

of BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



